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Photochemistry focuses on various aspects of the interaction of light with 
molecules. This work entails new methodology for fundamental measurements of 
photochemistry along with novel applications of triplet-photosenstizers.  Herein 
described are two separate methodologies developed for the determination of the 
quantum yield. A method for the singlet oxygen quantum yield was developed that 
utilizes the reaction between singlet oxygen and dimethyl sulfoxide (DMSO) to produce 
dimethyl sulfone. The rate of the reaction is measured by the pressure decrease that 
results from the consumption of oxygen from the headspace of a sealed system. It was 
found that the rate of pressure decrease was directly related to the singlet oxygen 
quantum yield. Additionally, an alternative method for the potassium ferrioxalate 
actinometer was developed.  CO2 production was measured two different way; by the 
pressure increase in a sealed system and the volume change by trapping the CO2. Both 
methods were considerably less laborious and showed agreeable results as compared to 
the traditional spectroscopic methods.  
 A major focus of this the thesis comprises research with photosensitizers that have 
significant triplet yields.  Incorporating heavy atoms into chromophores typically 
increases the triplet yield.  A predictive model for the singlet oxygen quantum yield (a 
lower bound triplet yield approximation) was developed for fluorescein type dyes with 
heavy atoms of different identities and positions. Triplet-photosensitizers were also 
explored for use as an aerobic catalyst and for the conversion of light to preform 
ii 
 
pressure-volume work. A tellurium containing triplet-photosenstizer, known as a 
tellurorhodamine, was used for the oxidation of thiols to disulfides. Upon irradiation the 
tellurium dye creates singlet oxygen and reacts with it to form a telluroxide which can act 
as an oxidant. Near quantitative yields were obtained for aromatic thiols; thiophenol and 
2-naphthalenethiol, while aliphatic thiols resulted in degradation to the tellurorhodamine. 
 A reversible reaction of singlet oxygen with 1,4-dimethylnapthalene was 
explored for the conversion of light to pressure-volume work. Singlet oxygen, generated 
by a triplet-photosenstizer, was used to react with 1,4-dimethylnaphthalene to produce its 
corresponding endoperoxide. Over time it was shown that oxygen is consumed from the 
headspace of a sealed system and can result in a pressure decrease. In dark conditions, 
near room temperature, the endoperoxide is metastable and releases oxygen to which 
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Traditionally, societal energy needs have been met by the combustion of 
hydrocarbons to produce carbon dioxide, water, and heat.  Such energy pathways result in 
a constant demand of hydrocarbon fuel sources that are typically obtained by energy 
intensive mining or drilling operations. It is widely acknowledged that the carbon dioxide 
released from combustion is a main source of global warming. Reports from the 
Intergovernmental Panel on Climate Change (IPCC) have concluded that the global 
emissions of carbon dioxide needs to be reduced by nearly 50% to limit global warming 
to 1.5 °C within the next ten years.2 Currently less than 7% of global energy use comes 
from solar powered sources.3 Finding strategies to harness solar energy in lieu of fossil 
fuels is key to curbing carbon dioxide emissions.   
 Production of waste from chemical plants can result in more localized but 
devastating environmental destruction than carbon dioxide alone. Industrial level 
synthesis follows similar strategies to the energy industry, relying on the use of 
stoichiometric reagents, which need constant replenishing, resulting in wasteful 
byproducts.  The dumping of toxic chemical waste has led to thousands of contaminated 
areas across the United States know as Superfund sites.4–6  Superfund sites are large areas 
of uninhabitable land or bodies of water due to hazardous waste contamination that pose 
risks to human and environmental health alike.7   
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The energy from solar radiation striking the Earth vastly exceeds the current energy 
demands. To put the abundance of solar energy in perspective; converting solar 
irradiation at a 10% efficiency would only require capturing 0.025% of the sun’s 
irradiation to meet energy demands.1 However, solar energy is left vastly underutilized 
due to the challenges of collecting and transforming light into desirable forms of energy 
such as electrical, thermal, and mechanical.  Adopting solar driven approaches to 
industrial synthesis can limit the need of energy used by such plants as well as the 
amount of waste products.   However, many challenges remain as such very few 
examples of industrial level photocatalysis exist.8  
1.2. Photocatalysts  
Traditionally, endothermic and nonspontaneous reactions have been driven using 
thermal energy.9 The abundance of solar energy makes light driven reactions an attractive 
alternative pathway for molecular transformations.  However, challenges arise from using 
solar energy to drive the recombination of specific chemical bonds.  For these 
transformations to occur a compound must first absorb the light before using the energy 
to achieve the desired reaction. The center of any light driven system is the photocatalyst. 
In bulk materials, such as silicon solar cells, light is absorbed to excite electrons from the 
valence band to a conduction band. However, in small molecule photocatalysts, 
absorbance of a photon results in excitation of an electron within discrete orbitals with 
many possible relaxation pathways. Ultimately, the efficacy and robustness of a 
photocatalyst comes down to tuning its excited state pathways for specific applications. 
3 
 
The energy of the photon absorbed dictates the absorbance pathway.    For most 
organic π conjugated systems a Jablonski diagram can be used as a simplified 
visualization of the excitation and relaxation of an electron.  The excitation of an electron 
from the highest occupied molecular orbital (HOMO) to an unoccupied orbital happens at 
a rate considered spontaneous. The energy of the visible light absorbed and the difference 
in energy between the HOMO and unoccupied molecular orbitals determines which 
orbital the excited electron will occupy. Excitation of an electron from a molecule in a 
singlet state will result in a higher energy excited singlet state with few exceptions. If the 
Figure 1.1. Jablonksi diagram depicting selected pathways after photo-excitation - 
absorbance (A), fluorescence (F),  and internal conversion (IC). Black lines represent 
electronic states and thin lines represent vibrational states.  
 
4 
electron is excited to a singlet state greater than S1 then the electron will typically relax 
via non- radiative pathways to S1.  The tendency of an electron to relax from Sn+1 to S1 is 
known as Kasha’s rule.10 
An electron in an excited S1 state can relax to the ground state by many pathways. 
Direct relaxation from S1 to S0 can happen via non-radiative decay or by radiative decay 
known as fluorescence.  Relaxation in the form of fluorescence or non-radiative decay is 
relatively fast with excited state lifetimes typically spanning nanoseconds. Fluorescence 
may be identified from a small shift of energy in the excitation and emission known as 
the Stokes shift.10  
An excited electron in the S1 state may also partially relax to a lower energy state by 
a spin-flip to produce a molecule with two unpaired electrons known as a triplet state 
(Tn).  The transition of an electron from the S1 state to a T1 state is known as intersystem 
crossing (ISC).  A change in the spin-state of a molecule is a forbidden transition and 
therefore unlikely to occur.  However, ISC can be very efficient in chromophores 
containing heavy atoms.11–15 Vibrational pathways from the S1 to the T1 states can result 
in nearly exclusive excitation to the triplet state. Molecules with significant rates of 
intersystem crossing are known as triplet-photosensitizers and can excite other molecules 
in triplet states.  For this reason triplet-photosensitizers are often sensitive to ground state 
oxygen which is in a triplet spin-state.  Energy transfer from an excited T1 state to oxygen 
results in the relaxation of the donor molecule to the S0 ground state and an excited 




Figure 1.2. Jablonksi diagram depicting possible relaxtion pathways including 
intersystem crossing (ISC) from an excited S1 to a T1 state and energy transfer to 
3O2 to 
produce 1O2. 
Other relaxation pathways from the T1 state also exist. To relax back to S0 the 
electron must undergo a spin flip once again.  The electron may relax via non-radiative 
pathways or radiatively, known as phosphorescence. Phosphorescence can be 
distinguished from fluorescence by a large Stokes shift or by a long-lived excited lifetime 
typically greater than microseconds.10 The long lifetime of excited triplet states typically 
make them more attractive photocatalysts because of the time needed for reactants to 
diffuse within the vicinity of the photocatalyst before relaxation occurs.17  
Molecules rarely undergo relaxation via only one specific pathway.  Therefore, 
determining the relative probability of relaxation via each possible pathway in a molecule 
6 
 
can help create a more complete picture of the molecule’s excited states. The relative 
likelihood of each relaxation pathway can be taken as a fraction from the absorbance of 
one photon which is referred to as the quantum yield. The quantum yield of a specific 
pathway can encompass transitions of multiple pathways.  For example, the quantum 
yield of ISC would be the sum of both the phosphorescence quantum yield and non-
radiative T1 to S0 transition. 
 
Figure 1.3. Completed Jablonski diargram depicting the most common relaxation 
pathways after photoexcitation including phosphorescence (P) and non-radiative decay 





Light driven reduction has been demonstrated both on intramolecular and 
intermolecular level.18–22 Intramolecularly, photoreduction occurs when absorption 
results in the release of an oxidative leaving group. For intramolecular photoreduction to 
occur an electron must be excited to an antibonding orbital.  The excitation of an electron 
to an antibonding orbital can results in subsequent dark reactions which result in 
reduction of the chromophore. For example, tellurophenes have been shown to undergo 
photoreductive elimination of halogens from the tellurium center.20,23,24 Upon excitation 
of an electron to the antibonding orbital of the tellurium - bromine bond a Br atom is 
released. The tellurophene then releases the second bromine in a dark reaction as shown 
in Scheme 1.1. 
Scheme 1.1. Photoreduction of Br2 from a tellurophene chromophore.
24  
 
Intermolecular photoreduction requires multiple species to either accept or donate 
electrons.  The excitation of an electron in a photocatalyst to the LUMO must be higher 
in energy than the LUMO of the electron acceptor.  Upon electron transfer from the 
photocatalyst an electron donor is often employed to donate an electron to regenerate the 
Scheme 1.2. Photoreduction of oxygen to produce hydrogen peroxide.25  
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photocatalyst. The HOMO of the electron donor must be greater in energy than the 
HOMO of the oxidized photocatalyst for electron transfer to occur. For example, in the 
photoreduction of dioxygen to hydrogen peroxide, a ruthenium chromophore (Ru) was 
used for electron transfer to oxygen (Scheme 1.2).25 Upon transferring two electrons to 
reduce oxygen, it may be protonated to form hydrogen peroxide.  The reduction of 
oxygen results in the oxidation of Ru (II) to Ru (III).  A water oxidation catalyst (WOC) 
was used as the electron donor to regenerate Ru(III) back to Ru(II) making the system 
catalytic.  
1.2.2. Photo-oxidation 
Light driven oxidation reactions are of great importance for the degradation of 
organic compounds in water and air purification.26–28  Titanium dioxide (TiO2) has been 
reported for numerous photo-oxidations.  TiO2 may be used heterogeneously in aqueous 
solutions for the photodecomposition of organic compounds.  Irradiation of TiO2 with 
UV or near UV light has been shown to oxidize a number of organic compounds.  As a 
heterogeneous system the TiO2 can be recovered and has shown great catalytic stability 




The photocatalytic properties of TiO2 and other metal oxides are often viewed as 
the result of charge separation from the excitation of an electron to the conduction band 
of the catalyst.  This excitation results in electron-hole pairs in which the valence band 
because positively charged as a result of the electron being excited to the conduction 
band. This separation of charges can be used for the oxidation of organic pollutants to 
produce CO2 and H2O. The rate of photo-oxidations of organics using TiO2 is often 
slowed in anhydrous conditions.26  Water can aid the rate of oxidation by the formation of 
hydroxides on the surface of TiO2 which can be oxidized to the more reactive hydroxyl 
radical (Scheme 1.3).  
Scheme 1.3. Formation of hydroxyl radical from TiO2.
29 
 
While TiO2 can be used for a number of photo-oxidations, it is often too harsh of 
a photocatalyst for selective functional group transformations.  The necessity of UV light 
Figure 1.4. Diagram showing the valence band (VB) and conduction band (CB) of TiO2 
after photo-excitation to form electron (e-) hole (h+) pairs.29  
10 
 
for photoexcitation also hinders its uses. Another approach to photo-oxidation is the use 
of triplet photosensitizers to create singlet oxygen (1O2). 
1O2 has been used a lone oxidant 
and can be created by triplet photosensitizers over a broad spectrum of excitation 
wavelengths.16  
1.2.3. Reactions of 1O2 
Excitation of triplet photosenstizers in the presence of oxygen can transfer energy 
from the excited-triplet state to give rise to the more reactive form of 1O2.
30 1O2 is 
typically a stronger oxidant than 3O2
 because it is higher in energy. The rate of oxidation 
by 1O2
 is typically kinetically faster than 3O2
 because most organic molecules are in a 
singlet ground state which reacts more readily with other singlet states due to the 
conservation of spin. Using 1O2
 as an oxidant is economically and environmentally 
advantageous because it can be formed from atmospheric oxygen.  As an excited state of 
oxygen, 1O2 relaxes to back to 
3O2 and therefore creates no waste products if excess is 
produced.  1O2 has been used for a wide variety of organic transformations as shown in 




Figure 1.5. Simplified molecular orbital diagram of ground state oxygen (3O2, left) and 
singlet oxygen (1O2, middle and right).
55 Note 1Σ+g is considered a transient species and 





Scheme 1.4. Selected examples of 1O2 reactions.  
 
 1O2 can react with alkenes to produce hydroperoxides.
31 In the case of dienes, 1O2 
can react in a 4+2 fashion to form an endoperoxide.32–37  Endoperoxides can be stable at 
room temperature or reversible depending on the substituents. In anthracene 
endoperoxides the stability is typically dictated by the identity of the R groups at the 9 
and 10 positions.32,38 1O2
 can also react with heteroatoms such as phosphorous in 
triphenylphosphine to produce its corresponding oxide.39   
 While 1O2
 may offer a cheap and green method for the oxidation of many 
compounds it does have its drawbacks.  The lifetime of 1O2 is solvent dependent but can 
be very short, for example, in water it has a half-life of 20 μs.30 Furthermore, 1O2 often 
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struggles with selective oxidations. This can be caused in part from the one electron 
oxidation of a substrate by 1O2
 to produce the superoxide anion. To alleviate these 
challenges, 1O2
 has been used in conjunction with tellurium containing compounds which 
may be oxidized by 1O2 to produce Te(IV) or Te(VI) species which can be used as an 
oxidant.40–42  
1.2.4. Reactions of 1O2 with tellurium containing compounds 
Many different compounds containing tellurium have been reported to react with 
1O2. A variety of oxidized species have been proposed and are dependent on the organic 
framework of the molecule. Solvent effects, most notably the difference between protic 
and aprotic solvents, can also play a role in determining the predominate oxidized 
species.42 While many oxidized species have been determined using x-ray 
crystallography, a wide range of oxidized structures have been proposed to fit 
experimental data. Examples of proposed and isolated oxidized structures are shown 
below in Scheme 1.5.  
The proposed and isolated oxidized structures show that sterics play a major role 
in determining the oxidized species. Julolidine groups favor telluroxide formation (TeOx-
1) by sterically hindering the formation of oligomers. Rhodamine and phenyl groups 
offer less steric hindrance and can form oxygen bridged oligomers (TeOx-3) or 
dihydroxy species (TeOx-2).  Mesityl-substituted aryl groups at the 4-position favor an 
orthogonal confirmation resulting in steric protection from the oxygen bridging between 
carbon and tellurium compared to unprotected groups such as TeOx-4. Less sterically 
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hindered tellurium compounds can also result in a Te(VI) oxidation state as an oligomer 
(TeOx-4) or a monomer (TeOx-5). 
 
 
1.2.5. Tellurium containing compounds as oxidants 
Tellurium containing compounds have been shown to increase rate of thiol 
oxidation to disulfides with hydrogen peroxide.43 More recently tellurium chromophores 









Scheme 1.5. Proposed and isolated oxidized structures of different tellurium 
chromophores. a Indicates products isolated and determined by x-ray crystallography. iPr 
denotes isopropyl groups. Oxidations occurred in various solvents all with water present. 
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thiols.44 The oxidized compound 13 was proposed because the oxidized species was 
shown to oxidize 4 equivalents of thiols indicating 2 oxygen atoms per chromophore. In 
both cases the oxidation of thiols involve the initial oxidation of Te(II) to Te(IV) or 
Te(VI) which is then reduced by thiols to produce the corresponding disulfides and water.  
  Oxidized Te(IV) species such as a telluroxide have been shown to behave in both 
oxygenase and oxidase like chemistry.  An oxygenase type of reaction involves the 
transfer of an oxygen atom to a substrate while oxidase like behavior means the oxidation 
by removal of electrons from a substrate. Telluroxides have been used in an oxygenase 
type manner for heteroatom oxidation.  Phosphines and phosphine ethers have been 
oxidized to their corresponding oxides by telluroxides.45 Thiol oxidation to disulfides 
using telluroxides has been reported and is a oxidase type of reaction.  Formation of 
telluroxides has been reported from a variety of co-oxidants such as hydrogen peroxide, 
sodium hypochlorite, meta-chloroperoxybenzoic acid, and 1O2.
46  
 To produce telluroxides from 1O2
 typically an auxiliary photosensitizer is 
required.42 However, incorporating tellurium as the heteroatom into the framework of a 
chromophore has resulted in self-sensitized tellurium containing chromophores capable 
of producing 1O2
 when irradiated. Tellurium containing chromophores are typically good 
triplet-photosensitizers because of the incorporation of the heavy tellurium atom. 
Addition of heavy atoms to a chromophore typically results in a red shifted absorption 
and increased intersystem crossing yields.47  Tellurium containing rhodamine dyes show 




1.2.6. Rational design of photocatalysts 
There are a number of considerations of how to design or choose a photocatalyst 
for a system.  However, there are key characteristics that are sought after for most 
photocatalysts. The excitation wavelength of the photocatalyst is vital to consider and 
depends on the irradiation source.  For solar excitation, it is ideal to have a photocatalyst 
that can be excited using red-NIR light because it is abundant in the solar spectrum.48,49 
Excitation by UV light is challenging because of its high energy it may result in the 
degradation of organic compounds. However, the absorbance wavelength of a 
chromophore is dependent on the HOMO-LUMO energy gap and therefore certain 
systems may require higher energy excitation for specific transformations. 
The molar absorptivity of a molecule is used as a way to compare how much light 
is being absorbed at a certain wavelength. Absorbance is determined using Beer’s Law 
from Equation 1.1. A high molar absorptivity is ideal for the efficient absorption of as 
much light as possible with a minimum amount of photocatalyst.  
Equation 1.1. Beer’s Law 
𝐴 = 𝜀𝑙𝑐 
As shown in Equation 1.1 the absorbance (A) is equal to the molar absorptivity (𝜀) 
multiplied by the path length (l) and concentration of the species absorbing (c).  While it 
can be seen that increasing the path length can increase the absorbance this is often 
unfavorable for the same reasons as increasing the concentration.  The path length refers 
to the volume that the sample that the light must pass through.  Therefore increasing the 
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path length will often require increasing the amount of photosensitizer used and amount 
of solvent.   
After absorption of light, the excited state pathways of the photocatalyst 
determine its efficiency.  Therefore, a high molar absorptivity alone does not always 
result in an efficient photocatalyst.  The results of the excited state pathways of 
chromophores are often reported as quantum yields (φ).  The quantum yield can be used 
to describe the likelihood of a photocatalytic process occurring per photon absorbed or 
the excited state relaxation pathways of a chromophore.50  For example, the fluorescence 
quantum yield (φf) is the amount of photons emitted through fluorescence per every 
photon absorbed.  The φ of a light driven reaction is determined by the moles of product 
per mole of photons absorbed.  A wide variety of techniques have been used for the 
determination of different types of quantum yields.  
 
1.2.7. Methodology used to evaluate of photosensitizers 
To determine the φf  or phosphorescence quantum yield (φp) the amount of 
photons absorbed and emitted must be determined.  Typically, these quantum yields are 
determined by comparing their photoluminescence to a known standard, however, 
integration spheres may be used which do not require reference samples. Using a 
fluorimeter or phosphorimeter after measuring the samples absorbance at the excitation 











× φ𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  
 Where E is the emission integral of the sample or reference and the A is the 
absorbance at the excitation wavelength.  The sample and the reference should be excited 
at the same wavelength to overcome the different light intensity of the excitation source.  
Determining the φ of other processes that do not emit light require different techniques 
such as transient absorbance spectroscopy or indirect methods that measure the amount of 
product from a light driven reaction.51  
 The triplet quantum yield (φt) refers to the amount of triplet states produced per 
photons absorbed.  While the relaxation from a triplet state may result in 
phosphorescence, there are additional relaxation pathways that are not emissive and must 
be accounted for to determine the φt.  A common lower bound approximation to the φt is 
the singlet oxygen quantum yield (φΔ) because 1O2 is created from quenching excited 
triplet-states.  The phosphorescence of 1O2 can be used to determine the φΔ by comparing 
the emission integral to a known standard as in Equation 1.2.52  
 To determine the φ of a light driven reaction actinometry is needed to determine 
the amount of photons absorbed. Actinometry is a technique used to measure the amount 
of energy given off from a light source.  This may be accomplished either using a relative 
method to a light driven reaction with a known φ or an absolute method using a 




Figure 1.6. General set up for actinometry using a radiometer. 
 
 Using a radiometer to measure the amount of light without the sample and then 
repeating the measurement with the sample in place; the amount of photons absorbed can 
be determined by the difference.  Then a method is required to determine the moles of 
product produced at a certain time point. The quantification of the moles of product 
differs depending on the reaction, however, the sample must be kept free from incident 
light prior to the measurement to properly quantify only the photons from the intended 
light source. A monochromatic light source must be used because the calculation of the 
amount of photons is based on the energy measured by the radiometer.  Differing 
wavelengths of light result in different energy as calculated by the Planck-Einstein 
relationship.  
 A variety of chemical actinometers with known φ already exists and may be used 
for reference to determine the φ of an unknown light driven reaction.54 The selection of a 
reference chemical actinometer depends on the excitation wavelength being used.  The 
general calculation for the amount of photons absorbed by the reference actinometer may 
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be calculated using Equation 3. Dividing the moles of product formed from the unknown 
light driven reaction by the number photons can then afford the φ.  
Equation 1.3. Calculation of number of photons absorbed by reference actinometer.  





1.3. Significance of this work 
Absorption of light by a chromophore results in an excited-state with various 
relaxation pathways.  The development of compounds that can absorb light energy to 
initiate reactions is vital for the transition to sustainable industrial processes for chemical 
transformation and solar energy storage. The key to improving these processes lies in the 
selection or design of the proper photocatalyst. Tuning the photocatalysts for peak 
efficiency relies on manipulating the excited-state pathways and energies.  The methods 
of evaluating the efficiency of photocatalysts rely on a variety of photochemical 
measurements.   
 Herein describes contributions in photochemistry for the evaluation, development, 
and applications of photocatalysts with a focus on triplet photosensitizers.  The 
development of two new methods are described for chemical actinometry and the 
determination of φΔ. Additionally, a model based on computational and experimental data 
for the prediction of the φΔ of fluorescein based triplet photosensitizers is described.  
21 
 
Finally, new applications for the use of triplet photosensitizers for the transformation of 
thiols to disulfides and conversion of light energy to mechanical energy were developed.  
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2. Quantifying Singlet Oxygen Quantum Yields by Oxygen Consumption 
This work has been published as: Lutkus, L. V.; Rickenbach, S. S.; McCormick, T. M. 
Singlet Oxygen Quantum Yields Determined by Oxygen Consumption. J. Photochem. 
Photobiol. A Chem. 2019, 378, 131–135. 
2.1. Background 
Chromophores with significant triplet yields have found utility in fields such as 
photocatalytic water splitting, organic redox reactions, as well as in organic electronic 
applications.1–5 Triplet-photosensitizers are chromophores that show a significant rate of 
intersystem crossing from a singlet-excited-state to produce a triplet-excited-state and can 
display phosphorescence. As compared to singlet-excited-states, triplet-excited-states 
typically are longer lived and can undergo energy transfers to other triplet-states such as 
ground state oxygen (3O2). Energy transfer from triplet-excited-states to 
3O2 produce 
singlet oxygen (1O2). 
1O2 is 94 kJ/mol higher in energy than 
3O2 and has found utility in 
organic synthesis due to its increased reactivity.6–8 1O2 has been used in the oxidation of 
arenes, alkenes, and heteroatoms such as sulfur, nitrogen and phosphorous.9,10 The 
production of 1O2 can be quantified and used as a lower bound approximation for the 
triplet yield of a chromophore.  Therefore, the measurement of 1O2 quantum yields is 
crucial for the evaluation and optimization of systems employing triplet photosensitizers.  
1O2 quantum yields are often used to approximate the triplet yield of a 
chromophore since directly measuring the triplet yield can be challenging. If the 
phosphorescence quantum yield (фp) approaches unity the triplet yield can be 
approximated by measuring the emission quantum yield. However, most chromophores 
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have competing radiative and non-radiative decay pathways making this method invalid. 
Advanced spectroscopic methods are required to directly quantify triplet yields with non-
radiative decay pathways.11,12 In contrast, a wide variety of methods have been developed 
to determine the 1O2 yield as an approximation of the triplet yield of a chromophore. 
1O2 
formation is typically monitored directly by its phosphorescence around 1270 nm.13 The 
phosphorescence can be quantified using a relative method, by comparing the emission 
integration of a known standard, or an absolute method using an integration sphere. Both 
methods rely on the excitation of the triplet photosensitizer and monitoring the 
phosphorescence of 1O2. The phosphorescence of 
1O2 is typically very weak, with фp 
ranging from 10-6 to 10-2 in common laboratory solvents, thus a very sensitive IR detector 
is required.13,14 To avoid the need for an IR detector, reactions with an easily monitored 
spectroscopic signature have found utility as 1O2 sensors. 
A wide variety of chemical traps for 1O2 have been used.
7,15–17 Among the most 
common are 9,10-disubstitued anthracene compounds and 1,3-diphenylisobenzofuran 
which react with 1O2 to form endoperoxides and an diketone, respectively.
18,19 For both, 
the progress of the reaction is monitored by the change in absorbance of the compound 
by UV-vis absorption spectroscopy. Synthetic strategies have been used to provide 
different substituents at the 9 and 10 positions to increase solubility of anthracene traps in 
polar solvents.16,20 Challenges can arise if the absorbance range of the photosensitizer in 
question overlaps with the chemical trap making these measurements difficult.21 To 
overcome absorbance overlaps, the change in fluorescence from the chemical trap may 
also be monitored.21,22  
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More specialized chemical traps have been developed to detect 1O2 by visible 
fluorescence. These traps typically contain a fluorescein core structure with a 9,10-
disubstitued anthracene substituent to trap the 1O2 such as Aarhus Sensor Green (ASG) 
and the commercially available Singlet Oxygen Sensor Green (SOSG) (Scheme 2.1).22,23 
SOSG has been shown to have great selectivity towards 1O2 compared to other reactive 
oxygen species. However, complications arise since the endoperoxide of SOSG can itself 
create 1O2 with a фΔ up to 0.20 when excited.
23 ASG and its endoperoxide have been 
shown to have a much lower фΔ, however, (to our knowledge) this sensor is not 
commercially available.  
As describe above, most 1O2 measurements monitor the concentration of the 
chemical trap rather than the oxygen itself. Herein we propose that the amount of oxygen 
trapped from such reactions can be measured directly, which eliminates the need for 
specialty 1O2 sensors with unique spectroscopic signatures. Irradiation of triplet 
chromophores in the presence of a chemical trap has been shown to result in the 
consumption of oxygen over time.7 Production or consumption of gases can be monitored 
by the accompanying pressure change in a sealed system. Pressure sensors (transducers) 
are becoming common in many photochemistry labs to monitor photo-catalytic reactions 
such as water splitting to produce H2 gas.
24,25 Gas producing reactions, such as water 
splitting, produce a pressure increase, while gas consuming reactions such as those with 
1O2 can be monitored by a pressure decrease. 
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Herein we describe a new method for determining the 1O2 quantum yield using 
common laboratory chemicals that does not rely on spectroscopic measurements. We use 
the reaction of 1O2 with dimethyl sulfoxide (DMSO). 
1O2 reacts with DMSO to afford 
dimethyl sulfone, resulting in the consumption of atmospheric oxygen over time that can 
be monitored by a corresponding pressure decrease within a closed system. The rate of 
pressure decrease was found to be directly related to the 1O2 quantum yield of the 
chromophore in question.  
 
2.2. Results and Discussion 
Measuring 1O2 quantum yields typically relies on monitoring the reaction progress 
of singlet oxygen with a chemical trap, which is observed by a change in fluorescence or 
absorbance. Monitoring the consumption of oxygen, rather than the oxidation of these 
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chemical traps, allows for the use of compounds that react with singlet oxygen but do not 
produce easily observable spectroscopic changes. DMSO was chosen as the singlet 
oxygen trap because it is commonly available in most research laboratories. Furthermore, 
DMSO is a polar aprotic solvent which can dissolve a wide range of chromophores. 
DMSO reacts with singlet oxygen in a 2:1 to stoichiometry to afford dimethyl sulfone 
(Scheme 2.2). Consequently, oxygen gas from the headspace is dissolved, to restore 
equilibrium, resulting in a decrease in pressure over time. 
2.2.1. Oxygen consumption from Rose Bengal in DMSO 
As a proof of concept, Rose Bengal, a well-known singlet oxygen sensitizer, was 
used as a reference to compare to other dyes. Solutions containing Rose Bengal (1 × 10-5 
M, 10 mL) in DMSO were sealed in 50 mL reaction vessels containing 40 mL of 
atmospheric headspace. The reaction vessels were sealed with caps fitted with gage 
pressure sensors, that were read into a LabView™ program. The solutions were irradiated 
with red, green, and/or blue LEDs (to best match the absorption spectra of the 
photosensitizers) for five hours. The pressure change was recorded every two minutes for 
each sample resulting in 300 data points. The samples were consistently stirred at 500 
rpm to assist in dissolving oxygen from the headspace. 




 A control sample containing only DMSO was monitored to account for the 
pressure change caused by temperature increase from irradiation. The pressure change at 
each time point of the control sample was then subtracted from the samples containing 
dye. After averaging the triplicate data, a linear fit was applied to determine the rate of 
the pressure decrease. The linear fit from irradiating solutions of Rose Bengal in triplicate 
showed a consistent pressure decrease plot with an average slope of -2.248 (± 0.007) × 
10-5 psi·s-1. Applying a linear fit to the three individual samples resulted in linear fits with 
slopes within 7.5% of the average slope indicating good precision from this method.  
 The resulting pressure decrease over time shows a pseudo-zeroth order rate of 
oxygen consumption. The zeroth order plots are expected since both DMSO and the 
dissolved oxygen are in excess for the duration of the measurement and the concentration 
remains essentially unchanged. The rate of the pressure decrease is expected to be 
constant as long as there is no degradation to the photosensitizer and enough oxygen is 
dissolved to maintain the reaction, resulting in a linear decrease in pressure. 
The gas composition of the headspace of the reaction vessels was analyzed by a 
Quantitative Gas Analyzer (QGA), before and after irradiation, to verify that only oxygen 
had been consumed. The concentration of the oxygen in the headspace after irradiation 
was nearly 2.7% less for each sample containing Rose Bengal than before. The average 
rate of decrease from the irradiated Rose Bengal samples was used as a relative standard 
for other photosensitizers, using the accepted singlet oxygen quantum yield of 0.76 as a 
reference as discussed below.26  
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2.2.2. Calculation of singlet oxygen yields 
The rate of oxygen consumption by Rose Bengal was compared to five other 
known photosensitizers to correlate the rate of pressure decrease from oxygen 
consumption to the singlet oxygen quantum yield. However, to accurately determine the 
quantum yields of the other dyes the absorption spectrum of the dye and the spectrum of 
the light source was considered through relative absorbance, I (equation 1).27 Using I in 
the calculation of the singlet oxygen yields allows for the translation of results from the 
rate of pressure decrease from chromophores with different absorbance profiles irradiated 
using non-monochromatic light.  
Equation 2.1. Calculation of relative absorbance 




The integral of i, the intensity of the light source at a given wavelength (λ), with 
respect to the absorbance of the dye (Abs) at the given wavelength was used to produce 
the absorbance intensity (I). The area was integrated from 400 nm to 900 nm in order to 
incorporate the full spectral range of the LEDs and encompass the absorbance range of 






Figure 2.1. Absorbance spectrum of Rose Bengal and spectrum of green and red LED 
intensity (top). Absorbance at a given wavelength times the light intensity at that 
wavelength (bottom).  
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Equation 2.2. Calculation of 1O2







× ф𝛥 𝑅𝑜𝑠𝑒 𝐵𝑒𝑛𝑔𝑎𝑙  
The singlet oxygen quantum yield was calculated comparing the rate of pressure 
decrease (k) and relative absorbance of the dye relative to Rose Bengal (equation 2.1).27 
Utilizing the rate of pressure decrease rather than the total pressure decrease allows for 
results to be compared over different irradiation periods.  
2.2.3. Experimental singlet oxygen quantum yields 
The resulting calculated singlet oxygen quantum yields are summarized in Table 
2.1 for fluorescein, Eosin Y, Eosin B, methylene blue and tris(bypridine)-ruthenium(II) 
(Ru(bpy)3) using Rose Bengal as a reference. The calculated singlet oxygen quantum 
yields are in good agreement with previously reported values for the photosensitizers in 
water or ethanol. All dyes produced pseudo-zeroth order plots of pressure decrease. The 
rate of the pressure decrease was determined by applying a linear fit across the average of 
C B A 
Figure 2.2.  A Uncorrected pressure change over time from irradiation of DMSO and 
triplicate solutions of DMSO containing Rose Bengal. B Adjusted pressure change of 
triplicate samples of Rose Bengal after subtracting the pressure change of the DMSO 
blank solution. C Average rate of pressure decrease over time of the triplicate samples 
of Rose Bengal (orange) and the linear fit (black).  
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triplicate samples. A sample of only DMSO was run simultaneously and the pressure 
change of this blank was subtracted from each photosensitizer sample before being 
averaged. All R2 values were above 0.95, with the exception of fluorescein (R2 = 0.88), 
indicating that using the slope of the linear fit was a good estimate for the rate of oxygen 
consumption.  
The plots of the pressure decrease over time for the photosensitizers are shown in 
Figure 2.3. The sensitivity of the method was demonstrated by using fluorescein, which 
has reported singlet oxygen quantum yield an order of magnitude less than Rose Bengal. 
The increase of temperature after irradiation with the LEDs did cause an initial increase 
in pressure, even after subtraction of the pressure change from the blank solution, as 
observed in the pressure for fluorescein and methylene blue (Figure 2.3). However, the 
five hour irradiation time was sufficient to see an overall decrease in pressure due to 
Table 2.1. Calculated singlet oxygen quantum yields from rates of pressure decrease 
 





oxygen consumption even with the low singlet oxygen quantum yield of fluorescein. 
Other fluorescein derivatives, Eosin Y and Eosin B, showed a more dramatic pressure 
decrease compared to fluorescein in line with their higher triplet yields. The importance 
of incorporating the relative absorbance, I, was demonstrated by comparing Eosin Y and 
Eosin B. The slope of pressure decrease of Eosin B was half that of Eosin Y despite 
similar triplet quantum yields. However, after incorporating the respective relative 
absorbance for both Eosin Y and Eosin B their singlet oxygen quantum yields were in 
good agreement with literature values. Methylene blue also showed a singlet oxygen 
 
Figure 2.3. The average pressure change over time for triplicate runs of 6 different 
photosensitizers irradiated by red, green, or blue LEDs in DMSO. The slope of the 






quantum yield consistent from data previously reported in water. To accommodate the 
absorbance range of Ru(bpy)3, blue and green LEDs were used rather than the green 
and/or red LEDs, which were used to irradiate all the other photosensitizers. Ru(bpy)3 has 
been reported to have greatly varying singlet oxygen yields in different solvents. In 
methanol, the reported singlet oxygen yield for Ru(byp)3 is 0.70, however, in water this 
yield diminishes to 0.22. We found the singlet oxygen yield for Ru(byp)3 in DMSO was 
closer to that of methanol at 0.66. 
2.2.4. Oxygen consumption in mixed solvent systems 
The solvent of choice can have a great influence on the singlet oxygen quantum 
yield. The minimum amount of DMSO needed to observe a statistically significant 
Figure 2.4.  Pressure change over time of irradiated solutions of Rose Bengal in 50/50 
DMSO/EtOH resulting in an increase in pressure (green line) before adjusting for 
vapor pressure by subtracting the blank solution (blue line). 
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pressure decreased was examined by mixing DMSO with ethanol. The addition of 
ethanol proved to be troublesome as the increase in vapor pressure made measurements 
difficult below 50% DMSO by volume. At 50% DMSO a solution containing Rose 
Bengal resulted in a net increase in pressure, however, after subtracting the respective 
blank solution containing 50% DMSO and 50% ethanol a pressure decrease with a slope 
of -1.116 (±0.006) × 10-5 psi·s-1 was observed Figure 2.4. Solutions with 25% DMSO and 
75% ethanol were attempted, however, fluctuations of the pressure resulted in 
inconsistent plots even after subtracting the control sample but careful temperature 
control could overcome this limitation. 
2.2.5. Reaction of singlet oxygen with triphenylphosphine 
To investigate the utility of this method with other substrates beyond DMSO the 
pressure change from the reaction of singlet oxygen with triphenylphosphine was also 
examined. The reaction of triphenylphosphine with singlet oxygen produces 
triphenylphosphine oxide in a similar 2:1 ratio as DMSO with singlet oxygen. Use of 
triphenylphosphine allows for dissolution in nonpolar solvents that DMSO may not be 
miscible in.  
1-Butanol was chosen as the solvent to accommodate the solubility of both Rose 
Bengal and triphenylphosphine and minimize vapor pressure. Irradiation of solutions of 
Rose Bengal and saturated triphenylphosphine (0.08 M) resulted in a rate of pressure 
decrease of -1.421 (± 0.004) × 10-5 psi·s-1 (Figure 2.5). Again, the the pressure decrease 
over time was linear indicating a pseudo-zeroth order reaction rate. Triphenlyphosphine is 
39 
 
known to oxidize over time in normal atmospheric conditions, however, no indication of 
pressure change was apparent from the control sample containing only 1-butanol and 
triphenylphosphine over the course of the reaction.  
 
Figure 2.5. Pressure decrease over time from irradiation of Rose Bengal with 
triphenylphosphine in 1-butanol.  
2.2.6. Monitoring oxygen consumption by water displacement 
To eliminate the need of pressure sensors; a manual method was developed that 
measures water displacement from oxygen consumption that can be assembled using 
simple equipment available in most labs. The same pressure sensor tube with Rose 
Bengal in DMSO was used for a consistent irradiation area but it was fitted with a septum 
instead of the pressure sensor cap. A hose with a needle puncturing the septum was 
connected to a 1 mL pipette submerged in a graduated cylinder of water. Air was injected 
through the septum of the reaction vessel to displace the water in the pipette such that the 
water level started at zero. The sample was irradiated with green LEDs and the oxygen 
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consumption was monitored by the rise of the water in the pipette. The water level in the 
pipette was monitored every hour for five hours resulting in consumption of ~0.8 mL of 
oxygen (Figure 2.6) 
 
2.3. Conclusion 
We have developed a method for determining the 1O2 quantum yield of a triplet 
photosensitizer by monitoring the rate of pressure decrease upon irradiation of the 




Figure 2.6. Oxygen consumption over time of an irradiated solution of Rose Bengal in 

























atmospheric conditions and does not require specialized chemical traps. Pseudo zeroth 
order plots of pressure decrease were shown for each photosensitizer. The rate of 
decrease in pressure was found to be related to the singlet oxygen quantum yield of the 
photosensitizer. The inclusion of the absorbance intensity term allows for the translation 
of results between dyes that absorb at different wavelengths and for different light 
sources. We focused on using DMSO to capture the singlet oxygen, however, the method 
can be adapted and used for a broad range of substrates that react with singlet oxygen. 
The need for pressure sensors can be substituted with a manual method by measuring the 
displacement of water over time. This method allows for the determination of singlet 
oxygen quantum yields without the need for specialty traps or spectroscopic 
measurements. 
2.4. Materials and Methods  
2.4.1. Chemicals used 
Rose Bengal, Eosin Y, Eosin B, methylene blue, tris(bypyridine)ruthenium (II) 
hexafluorophosphate, and fluorescein were obtained by commercial sources and used 
without further purification. Stock solutions of the dyes (10-5 M) were created in DMSO 
and stored in light free conditions. The pH was adjusted for Rose Bengal, Eosin Y, and 
fluorescein by adding NaOH (1 M) dropwise until no change in the UV-vis spectrum 
occurred.  
2.4.2. Oxygen consumption measurements 
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 Pressure sensor experiments were carried out in sealed 50 mL reaction vessels 
with Omega gage pressure sensors to monitor the pressure every two minutes for five 
hours using the TracerDAQ Stripchart program. Red, green, and blue LED ring lights 
lining a steal tube were used to evenly irradiate up to twelve samples held in a Radleys 
Carousel 12 cooled reaction station and stirred at 500 RPM. The entire apparatus was 
covered in order to avoid irradiation from room lights. Samples of each photosensitizer 
(10 mL) were run in triplicate, with a single control solution containing only DMSO. The 
resulting rate was calculated from the average slope of the triplicate samples after 
subtraction of the pressure change of the blank solution.  
2.4.3. Calculation of absorbance intensity (I) 
 The spectrum of the red, green, and blue LEDs, used to irradiate the samples, was 
measured using a Stellar Net Spectra Wiz in scope mode. The absorbance spectrum of the 
dyes was collected on UV-3600 Shimadzu UV-Vis NIR spectrometer. The spectra were 
used as detailed in equation 2.1 and the integral was determined using the Trapezoid 
Method.  
2.4.4. Water displacement method  
 A pressure sensor tube containing Rose Bengal (10-5 M) in DMSO (10 mL) was 
set up as shown in Figure 2.7. The solution was irradiated with green LEDs and the water 




Figure 2.7. General set up for manual method to follow oxygen consumption over time.  
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3. Photocatalytic Aerobic Oxidation Using a Tellurhodamine Chromophore 
This work has been published as: Lutkus, L. V.; Irving, H. E.; Davies, K. S.; Hill, J. E.; 
Lohman, J. E.; Eskew, M. W.; Detty, M. R.; McCormick, T. M. Photocatalytic Aerobic 




Homogeneous metal-catalyzed aerobic oxidation is a widely used method for small 
molecule transformations but often is restricted by the stoichiometric use of heavy metal 
cooxidants.1 The use of photo-induced, redox catalysis for such transformations has 
increased in recent years due to its potential for green production of small molecules at 
both laboratory and industrial scale.2–4 Photocatalysts like TiO2 that utilize atmospheric 
oxygen as an oxidant are only active in the UV region, which drastically reduces their 
light absorption efficiency.5 Organic dyes have been developed as photo-redox catalysts 
for a variety of transformations including the oxidation of thiols to disulfides,6 anti-
Markovnikov additions to alkenes,7,8 and oxidation of amines to iminium salts.9 
Chalcogenorhodamine dyes such as those shown in Scheme 3.1 are similar in structure to 
the rhodamine, oxazine, thiazine, and azine dyes that have been used as visible-light-
driven photocatalysts in reactions that use singlet oxygen (1O2) as an oxidant.
10  While 
both seleno- and tellurorhodamines generate 1O2 efficiently upon irradiation, 
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tellurorhodamines undergo photo-oxidation to telluroxides while selenorhodamines do 
not undergo oxidation to the corresponding selenoxides under similar conditions.11,12 
Organotellurium compounds have been used as redox auxiliaries with a porphyrin 
photosensitizer for photocatalytic aerobic thiol oxidation.6  Organotellurium compounds 
have also been used as catalysts for the oxidation of thiols to disulfides with H2O2.
13–16  
The proposed active oxidant in these systems is a telluroxide – a Te(IV) compound – that 
is reduced back to the corresponding telluride – a Te(II) compound – by thiol oxidation.  
Glutathione has been used as a stoichiometric reducing agent for telluroxides formed by 
either 1O2 oxidation
11,12 or by hypochlorite oxidation17 of tellurium-containing 
chromophores.  Telluroxides have also been shown to oxidize a variety of substrates 
without the addition of cooxidants.18  
As an oxidant, 1O2 is advantageous, both economically and environmentally. 
However, a short lifetime, limited scope, and lack of selectivity hinder the use of 1O2 for 
many aerobic oxidation reactions.19 The ease of 1O2 oxidation of tellurides to 
telluroxides, which can then be used as a chemical oxidant, can be extended to tellurium 
chromophores, which self-sensitize the production of 1O2 to produce catalytic systems 
requiring only atmospheric O2, water and visible light irradiation. 
Scheme 3.1. Oxidation of tellurorhodamine 1 to tellurorhodamine telluroxide 2 with 




Herein, we report the use of tellurorhodamine 1 (Scheme 3.1) as a visible-light-active 
photocatalyst for the selective aerobic oxidation of thiols to disulfides under ambient 
temperature and pressure in air and provide a detailed mechanism for its activity based on 
experimental results and DFT calculations. The role of telluroxide 2 (Scheme 3.1) as the 
active form of the catalyst is described.  The performance of 1 is contrasted with the 
performance of selenorhodamine 3 as a photocatalyst, which does not form the 
corresponding selenoxide intermediate. 
3.2. Results and Discussion 
3.2.1. Photophysical properties of chalcogenorhodamine dyes 1 and 3  
Tellurorhodamine 1 absorbs light with λmax of 600 nm in MeOH (ε = 8.6  10
4 M-
1 cm-1) and selenorhodamine 3 absorbs light with λmax of 568 nm in MeOH (ε = 1.03  
105 M-1 cm-1). In collaboration with Mike Detty of the University at Buffalo, the quantum 
yield for 1O2 generation [Φ(
1O2)] for 1 is 0.75 ± 0.03
11 and Φ(1O2) for selenorhodamine 3 
is 0.85 ± 0.03 as determined by time-resolved spectroscopy of 1O2 phosphorescence.
12 
Values of Φ(1O2) are related to quantum yields for triplet generation (ΦT) and, 
based strictly on spin-orbit effects, the value of ΦT for 1 containing the heavier Te atom 
(filled 4d shell) would be expected to be greater than that of 3 containing the lighter Se 
atom (filled 3d shell).21  However, the lifetime of the triplet state (τT) for Te-containing 
chromophores is shorter than τT for comparable Se-containing dyes and relaxation of the 
triplet by pathways other than quenching with oxygen become competitive (i.e., 
phosphorescence) in air-saturated solutions.22  The fraction of triplets producing 1O2 can 
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be reduced as triplet lifetimes become shorter and the smaller value of Φ(1O2) for 1 
relative to 3 is certainly consistent with this analysis. Furthermore, 1 reacts with 1O2
 
while 3 does not. Since oxygen is required to be close to 1 to be excited, this proximity 
would allow the produced 1O2 to react 1 thus the Φ(
1O2) would be under estimating the 
ΦT.  
3.2.2. Oxidations of 1 with H2O2 
In earlier work, Detty and coworkers examined a number of tellurides as catalysts 
for activation of H2O2 for oxidation of thiols to disulfides.
15,16  Rate constants for 
oxidation of the tellurides to the corresponding telluroxides with H2O2, kH2O2, are 0.33 to 
2 M−1 s−1 for telluropyrylium compound 622 and 3.6 to 28 M-1 s-1 for neutral 
diorganotellurides 7-9 (Scheme 3.2).16 We had thought that tellurorhodamine 1 would be 
an excellent candidate as a catalyst for the oxidation of thiols to disulfides with H2O2: 1 is 
oxidized to telluroxide 2 with H2O2, 2 is reduced by glutathione to return 1, and the 9-
mesityl group protects both the reduced and oxidized forms.11  However, kH2O2 for 
oxidation of 1 to 2 is orders of magnitude smaller than the diorganotellurides of Scheme 
3.2. 




The oxidation of 1 (1 × 10−5 M) to 2 with H2O2 in 10% H2O/90% MeOH at 293 K 
was followed by UV-Vis spectroscopy as shown in Figure 3.1. Reaction with 0.05 M 
H2O2 was complete after 4800 s and telluroxide 2 was identified as the product of 
oxidation (Figure 3.1a).11 The rate of appearance of 2 was followed at 680 nm as a 
function of time for three concentrations of H2O2 (0.01, 0.03, and 0.05 M).  Typical first-
order plots of the data for the three H2O2 concentrations are shown in Figure 3.1b. A plot 
of the pseudo first-order rate constants as a function of H2O2 concentration is shown in 
Figure 3.1c.  For the oxidation of 1 with H2O2, kH2O2 in 90% aqueous MeOH at 293 K is 
(1.1 ± 0.01) × 10−2 M−1 s−1, which is 30-fold smaller than kH2O2 for 6 and 2500-fold 
smaller than kH2O2 for 7 under similar conditions.  For comparison, selenorhodamine 3 




Figure 3.1. Oxidation of a 1 × 10-5 M solution of 1 with H2O2 in 10% H2O/90% 
MeOH to give telluroxide 2 at 293 K. (a) Spectral changes for the conversion of 1 to 2 
with 0.05 M H2O2. (b) Typical first-order plots for the appearance of 2 monitored at 680 
nm at 0.01, 0.03, and 0.05 M H2O2. (c) A plot of mean pseudo first-order rate constants 






Figure 3.2. Photo-oxidation of a 1 × 10‒5 M solution of 1 to give telluroxide 2 
irradiated with 24 W white LEDs (a) in 10% H2O/90% MeOH (spectrum taken every 2 
min for 18 min) and (b) in air-saturated CDCl3 containing 2.5% water (spectrum taken 
every 2 min for 16 min). 
 
3.2.3. Photochemical reactivity of chalcogenorhodamine dyes 1 and 3 
The facile self-sensitized photo-oxidation of tellurorohodamine 1 to 2 (λmax 664 
nm) in aqueous buffer or MeOH followed by reversible reduction back to 1 with 
glutathione11 suggests that 1 may be an excellent photocatalyst for the oxidation of thiols 
to disulfides.  We next examined the photochemical reactivity of 1 and the selenium-
containing compound, 3, under a range of conditions.   
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Solutions of either 1 or 3 (1 × 10−5 M) in degassed solutions of MeOH or CDCl3 
under a N2 atmosphere showed less than 5% bleaching upon irradiation with white LEDs 
(24 Watt) over a 2-h time period.  Irradiation of a 1 × 10−5 M solution of 1 in air-saturated 
10% H2O/90% MeOH with the white LEDs gave photo-oxidation to telluroxide 2 over an 
18-min period with an isosbestic point at 616 nm (Figure 3.2a).  In contrast, no loss of the 
chromophore of 3 in air-saturated 10% H2O/90% MeOH was observed with irradiation 
with the white LEDs over a 2-h time period.   
 Irradiation of a 1 × 10−5 M solution of 1 in air-saturated dry CDCl3 gave a 
different outcome.  After 30-s of irradiation, the appearance of 2 at 650 nm was observed, 
but 2 was not stable to the reaction conditions. The ability of the telluroxide O atom in 
tellurorhodamine telluroxides to act as an inter- or intramolecular nucleophile has been 
previously described.11 The addition of 2.5% water to the CDCl3 solution prior to 
irradiation increased the stability of 2 and photo-oxidation of 1 to 2 was observed with an 




Figure 3.3. 1H NMR spectra following the photo-oxidation of thiophenol with 1 
mol-% of 1 under visible light irradiation in CDCl3 containing 2.5% water at 0, 1 h, and 2 
h. The thiol proton signal at ~3.5 ppm was used to monitor reaction progress. 
 
3.2.4. Photocatalytic thiol oxidation 
Photocatalytic oxidations of aliphatic and aromatic thiols to disulfides were 
monitored by 1H NMR spectroscopy using CDCl3 containing 2.5% H2O by volume as 
solvent and 1 mol-% of tellurorhodamine 1 or selenorhodamine 3 (relative to thiol) as the 
photocatalyst.  The reaction mixtures were irradiated with white LEDs under ambient 
conditions. Results are summarized in Table 3.1. Thiophenol and 2-naphthalenethiol 
Chemical Shift (ppm) 
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were completely oxidized to disulfides (Table 3.1, entries 1 and 3, respectively) within 2 
h as shown in Figure 3.3 for the oxidation of thiophenol.  Oxidation was selective as no 
other products were apparent upon completion of reaction. 
Table 3.1. Oxidation of  aromatic and aliphatic thiols (5 × 10-2 M) to disulfides with 1 







1 1 thiophenol 2 ≥99 
2 3 thiophenol 3 5 
3 1 2-naphthalenethiol 2 ≥99 
4 3 2-naphthalenethiol 2 6 
5 1 2,6-dichlorothiophenol 2 52 
6b 1 tert-butylthiol 2 38 
7b 1 1-dodecanethiol 2 25 
aDetermined by 1H NMR spectroscopy. bLoss of 1 was observed with time. 
The completion of thiol oxidation was indicated by a colorimetric change in the 
appearance of the reaction mixture. The persistence of 2 – i.e., 2 no longer being reduced 
to 1 – was visually identifiable by the bathochromic absorbance shift resulting in a 
change from a blue to a green solution. After complete conversion of thiol to disulfide, 
the addition of more thiol resulted in the immediate reduction of 2 to 1 and further thiol 
oxidation was observed with continued irradiation with visible light. 
As described above, irradiation of degassed solutions of 1 under a nitrogen 
atmosphere in either CDCl3 or MeOH did not give 2. Similarly, irradiation of degassed 
solutions of 1 and thiophenol did not give diphenyl disulfide. These data are consistent 
with O2 being an integral component of the photocatalysis.  
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Using selenorhodamine 3 as the photocatalyst with thiophenol (Table 3.1, entry 2) 
and 2-naphthalenethiol (Table 3.1, entry 4) resulted in conversions to disulfide of ≤6% 
after 2-3 h of irradiation. The observed conversion is likely the result of thiol oxidation 
by 1O2 produced from irradiating the solution rather than 3 acting as a photocatalyst. No 
color change and no loss of absorbance of 3 were observed by UV-Vis absorption 
spectroscopy during irradiation indicating that 3 was not lost during the reaction and does 
not produce observable amounts of selenoxide. Similarly, irradiation of degassed 
solutions of 3 and thiophenol did not give diphenyl disulfide. 
Oxidation of 2,6-dichlorothiophenol was slower than the oxidation of either 
thiophenol or 2-naphthalenethiol as nearly half the initial thiol concentration remained 
after 2 h (Table 3.1, entry 5). Catalyst degradation was not observed, as determined by 
comparing the absorbance of 1 before and after irradiation for 2 h.  Oxidation of tert-
butylthiol was slower still with 38% conversion after 2 h (Table 3.1, entry 6).  Oxidation 
of the aliphatic 1-dodecanethiol gave only 25% oxidation after 2 h (Table 3.1, entry 7).  
Oxidation of both tert-butylthiol and 1-dodecanethiol gave significant catalyst 
degradation after 2 h of irradiation as observed spectrophotometrically by loss of 1.  
3.2.5. Reduction of telluroxide 2 with aromatic and aliphatic thiols 
The reduction of telluroxide 2 to tellurorhodamine 1 was examined with thiophenol, 
2-naphthalenethiol, 2,6-dichlorothiophenol, and 1-dodecanethiol as reductants using 
stopped-flow spectroscopy. A solution of 2 (5 × 10‒6 M) for the stopped-flow studies was 
prepared by dissolving 1 in 10% water/90% MeOH and photo-oxidizing the solution to 
produce 2.  
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The rates of reduction of 2 under pseudo first-order conditions using 100 
equivalents of thiol (5 × 10‒4 M) were followed by stopped-flow spectroscopy monitoring 
the change in absorbance of 2 at 655 nm as shown in Figure 3.4. 2-Naphthalenethiol, 
thiophenol, and 2,6-dichlorothiophenol gave pseudo first-order rate constants of 1.46 ± 
0.08 s-1, 1.06 ± 0.06 s-1, and 0.808 ± 0.007 s-1, respectively.  
 
Figure 3.4. Reduction of 2 to 1 as monitored by stopped-flow spectroscopy from the 
diminishing of the telluroxide peak at 655 nm under pseudo first-order conditions a) by 
2,6-dichlorothiophenol (green squares), thiophenol (red diamonds), and 2-
naphthalenethiol (blue triangles) and b) by 1-dodecanethiol. 
 
If the pseudo first-order rate constants are divided by the thiol concentration (5 × 
10‒4 M), approximate second-order rate constants are obtained for 2-naphthalenethiol, 
thiophenol, and 2,6-dichlorothiophenol of  2.9 × 103 M‒1s‒1, 2.1 × 103 M‒1s‒1, and 1.6 × 
103 M‒1s‒1, respectively.  Initial rates for the oxidation of thiophenol to diphenyl disulfide 
with H2O2 in aqueous MeOH have been reported.
23  Based on an initial rate of (1.5 ± 0.4) 
×10‒7 M‒1min‒1 for the appearance of diphenyl disulfide with 1.0 ×10‒3 M thiophenol and 
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3.75 ×10‒3 M H2O2, a second-order rate constant of (6.7 ± 1.7) × 10
−4 M−1 s−1 is 
calculated.  The rate constant for thiophenol oxidation with H2O2 is ~10
‒6 that of 
thiophenol oxidation with 2 suggesting oxidation with produced hydrogen peroxide is not 
significantly contributing to thiol oxidation. 
The slower rate of reduction of 2 with 2,6-dichlorothiophenol is consistent with 
the 52% yield of disulfide after 2 h (Table 3.1, entry 4). The slower rate of reduction is 
likely a result of the electron-withdrawing chlorine groups decreasing the nucleophilicity 
of the thiol S atom.  
A solution of 2 was titrated with thiophenol, 2-naphthalenethiol, or 2,6-
dichlorothiophenol in order to determine the number of molar equivalents of thiol 
required for complete conversion back to 1. Two molar equivalents of aromatic thiol 




Figure 3.5. Reduction of 2 (1 × 10-5 M) to 1 using 2 equivalents of thiophenol in MeOH. 
In contrast to reactions with aromatic thiols, reduction of 2 using excess 1-
dodecanethiol under pseudo first-order conditions did not result in a first-order loss of 2, 
which is indicative of a competing reaction.  X-ray crystal structures in earlier studies 
documented intramolecular and bimolecular addition of nucleophiles to the 9-position of 
the tellurorhodamine telluroxides, which disrupts the cyanine-like chromophore.11  
Similar chemistry with 1-dodecanethiol would lead to loss of catalyst. Although the 9-
mesityl group sterically protects telluroxide 2 from nucleophilic addition to the 9-position 
during reduction with two equivalents of glutathione,11 addition of an excess of 1-
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dodecanethiol to telluroxide 2 appears to result in a  degradation pathway that is 
competitive with reduction of 2 to 1.  
3.2.6. Photo-oxidation of 1 to 2 
The mechanism of photo-oxidation of 1 to 2 was examined both computationally 
and experimentally.  The data are consistent with the mechanism proposed in Scheme 
3.3.  The initial formation of the pertelluroxide intermediate A of Scheme 3.3 has been 
proposed as the starting point for addition of 1O2 to diorganotellurides.
6  The 
pertelluroxide A can oxidize a second diorganotelluride (i.e., a second molecule of 1) 
leading to reduction of A to the telluroxide (i.e., 2) and oxidation of the diorganotelluride 
to the telluroxide (i.e., 2).  The stoichiometry of this chemistry was established in flash 
photolysis studies of telluropyrylium dye 6 in MeOH (Chart 1).  The reversible addition 
of H2O to a diorganotelluroxide B forms the (dihydroxy)tellurane C.
22,25 
  Irradiation of 1 in the presence of water facilitated telluroxide formation.  In 
addition, photo-oxidation of 1.0 ×10‒5 M 1 to 2 also produced 8.8 ×10‒6 M H2O2. 
Concentrations of H2O2 were measured by an established spectrophotometric technique 
using oxo[5,10,15,20-tetra(4-pyridyl)porphyrinato]titanium(IV).20 Approximately one 
equivalent of H2O2 is produced upon photo-oxidation of 1 to 2 in the presence of H2O, 







Scheme 3.3. Proposed mechanism of telluride oxidations with 1O2 in the photo-
oxidation of 1 to 2. 
 
 
The addition of water to pertelluroxide A would form the 
hydroxy(perhydroxy)tellurane B.  However, the addition of H2O2 to selenoxides gives the 
hydroxy(perhydroxy)selenane D (the selenium analogue of B, Scheme 3.3), which are 
viable intermediates and have been observed by mass spectrometry and 77Se NMR 
spectroscopy.27  Loss of H2O2 from the hydroxy(perhydroxy)tellurane B forms the 
telluroxide. The intermediates shown in Scheme 3.3 have been studied by DFT as 
discussed below. 
While H2O2 is produced upon photo-oxidation of 1 to 2 in the presence of H2O, one 
can ask whether the presence of the thiol influences the production of H2O2.  A solution 
of 1 (5 × 10-4 M) and thiophenol (5 × 10-2 M) in chloroform (2 mL) and water (50 μL) 
was irradiated with white LEDs.  Upon a visual change in color, from a blue to a green 
solution, water (2 mL) was added to create a biphasic solution.  From the aqueous layer 
an aliquot (10 μL) was used to determine the H2O2 concentration (2.4 × 10-4 M) as 
described above, which corresponds to roughly half an equivalent of H2O2.
20 On the basis 
of the rates of oxidation of 1 and thiophenol described above with H2O2, the 
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H2O2 produced during the photocatalysis does not compete as an oxidant with 2 for the 
oxidation of thiophenol to the disulfide or with 1O2 for the oxidation of 1 to 2.
 
3.2.7. DFT calculations  
 
Structural optimizations were performed with Gaussian 09 software28 at the 
B3LYP level29-31 using 6-31G(d) (C, O, S, N, H atoms)32-34 and LanL2DZ (Te atoms)35-37 
split basis sets.38 The HOMO and LUMO molecular orbital maps of the reduced and 
oxidized mesityl substituted tellurorhodamine are shown in Figure 3.6. 
 
Figure 3.6. Frontier Molecular Orbitals (FMO's) from the DFT optimized geometries of 
the reduced tellurorhodamine 1 and oxidized 2 of the a) LUMO and b) HOMO of 1 (on 
the left) and the c) LUMO and d) HOMO of 2 (on the right). 
The HOMO’s of both the reduced species 1 and oxidized species 2 are located 
primarily on the N and C atoms of the 3,6-diaminoxanthylium core with minimal 
contributions from the Te atoms. The LUMO of the reduced species 1 has a major 
contribution from the Te atom which is absent in the LUMO of telluroxide 2. 
Furthermore, the LUMO of the oxidized species 2 has a major contribution from the C 
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atom in the 9-position within the xanthylium core, which supports the addition of a 
nucleophile at this position to give the thiol degradation from aliphatic thiols. 
 
 
Figure 3.7. Reaction energy diagram of the formation of 2 from the reaction of 1 
with 1O2 and H2O. 
Reaction energy diagrams of oxidation and reduction of the telluride complex were 
determined using the calculated Gibb’s free energies (ΔG) according to the following 
equation: 
Equation 3.1. Calculation of Gibb’s free energy 
ΔG = [ΣEprod] – [ΣEreac] 
The energy diagram of the reaction of 1 with O2
1 to form 2 is shown in Figure 3.7. 
The total ΔG of the oxidation of 1 to 2 with O2


































initial coordination of O2
1 to the TeII of 1 to give pertelluroxide A (see also Scheme 4) is 
slightly uphill in energy (1.17 kcal/mol). Coordination of H2O followed by a proton shift 
forms the hydroxy(perhydroxy)tellurane B as a TeIV intermediate (see also Scheme 3.3). 
Previous to this study, the role of H2O in the oxidation mechanism was not well 
understood. The oxidation of 1 occurred slowly in anhydrous solvent and H2O allowed 
the reaction to proceed at a faster rate. We propose this specific water-coordination 
mechanism as a plausible explanation for the latter. The final step in the formation of 2 is 
elimination of H2O2 (ΔG = -18.5 kcal/mol), which supports the experimentally observed 
results.  
 
Figure 3.8. Tellurorhodamine structures in the reaction pathway for reduction of 
telluroxide 2 to tellurorhodamine 1 with methanethiol. Energies are relative to 1 in the 




To simplify the calculations, the reduction of 2 with a thiol to give 1 was calculated 
using methanethiol, which upon oxidation gives dimethyl disulfide. The ΔG of the 
reduction of 2 to 1 and subsequent disulfide formation was calculated to be -46.6 
kcal/mol. The computationally examined structures in Figure 3.8 were based on 
previously hypothesized substitution reactions, which involved the (dihydroxy)tellurane 
intermediate (C in Scheme 3.3).15 There is a slight downhill transition from telluroxide 2 
to the (dihydroxy)tellurane C (ΔG = -0.45 kcal/mol), which is consistent with an 
equilibrium involving telluroxide 2 and H2O.
22,25 Substitution of each of the hydroxy 
ligands with methanethiol (generating water) and subsequent reductive elimination of 
dimethyl disulfide reforms 1, which supports the 2:1 thiol to dye ratio for telluroxide 
reduction that was observed experimentally. The transition state for the reductive 
elimination is 26 kcal/mol higher than intermediate E, and shows shortening of the S-S 
bond by decreasing the S-Te-S bond angle. 
3.3. Conclusion 
Catalytic amounts of tellurorhodamine 1 were used to oxidize aromatic thiols to 
disulfides under aerobic conditions with visible-light irradiation.  Catalytic amounts of 
selenorhodamine 3 with visible-light irradiation gave slower and/or poorer oxidation of 
thiols to disulfides.  While both 1 and 3 produce 1O2 efficiently upon irradiation, the self-
sensitized generation of 1O2 upon irradiation of 1 leads to oxidation of 1 to telluroxide 2, 
which is the true oxidant for the conversion of thiols to disulfides. We propose that a 
hydroxy(perhydroxy)tellurane is formed from the reaction of 1 with 1O2 and water 
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(structure B in Figure 3.7). Subsequent loss of H2O2 gives the telluroxide 2. Telluroxide 2 
oxidizes two thiol molecules to generate a disulfide and a molecule of water, and 
regenerate tellurorhodamine 1, which reenters the photocatalytic cycle. The complete 
proposed mechanism of the catalytic cycle is summarized in Scheme 3.4. In this analysis, 
tellurorhodamine 1 is the resting form of the catalyst and tellurorhodamine telluroxide 2 
is the active form of the catalyst.  This mechanistic analysis is supported experimentally 
and computationally.  
Scheme 3.4. Mechanism of photo-oxidation of 1 to 2 and reduction of 2 to 1 by 
corresponding thiol oxidation 
 
 
3.4. Materials and Methods 
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3.4.1. Photo-oxidation of 1 
 A solution 1 (1 × 10-5 M) in 90% MeOH/10% water was irradiated with white 
LEDs and monitored by UV-Vis absorption every 2 min to give the spectra shown in 
Figure 2a.  From this photo-oxidized sample, the H2O2 concentration was determined 
spectrophotometrically.26  A stock solution of oxo[5,10,15,20-tetra(4-
pyridyl)porphyrinato] titanium(IV) (5 × 10-6 M) in perchloric acid (2 M) was prepared. 
Aliquots (10 μL) of the photo-oxidized sample were added to 3 mL of the stock solution 
and the change in absorption at 432 nm was used to determine the H2O2 concentration by 
comparing to a reference of an aliquot (10 μL) of an aqueous urea peroxide solution (1.0 
× 10-5 M). The samples were referenced to a blank using water (10 μL). The 
concentration of H2O2 was determined to be 8.8 × 10
-6 M (0.88 equivalents compared to 
1). 
3.4.2. Photocatalytic thiol oxidation 
Stock solutions of thiophenol, 2-naphthalenethiol, 2,6-dichlorothiophenol, and 
dodecane thiol (1 × 10-1 M) were prepared in 1 mL of CDCl3. A stock solution of 1 (1 × 
10-3 M) or 3 (1 × 10-3 M) was prepared in 2 mL of CDCl3 with cyclohexane added as an 
internal standard. From these 0.2 mL of the stock solution of 1 or 3 and 0.2 mL of one of 
the thiol stock solutions were mixed in 5-mm NMR tubes resulting in a final 
concentration of 5 × 10-2 M of thiol and 5 × 10-4 M of 1 or 3 for each sample. A 10 μL 
aliquot of water was added to each NMR tube. The samples were irradiated by 24-W 
white LEDs with magnetic stirring (using a straightened paperclip sealed in a glass 
capillary) and the 1H NMR spectrum was taken every 20 min. 
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3.4.3. Reduction of 2 to 1 by aromatic thiols 
 A solution of 2 (1 × 10-5 M) was prepared by dissolving 1 in 95% MeOH and 
oxidizing the solution with self-sensitized generation of 1O2. The reduction of 2 to 1 with 
sequential additions of 0.5 equivalents of thiophenol, 2-naphthalenethiol, or 2,6-
dichlorothiophenol was followed by UV-Vis absorption spectroscopy. The addition of 2 
equivalents of thiol gave complete reduction of 2 to 1. 
3.4.4. Stopped-Flow Experiments 
Stock solutions of thiophenol, 2-naphthalenethiol, 2,6-dichlorothiophenol, and 
dodecane thiol (5 × 10-4 M) were prepared in 99% MeOH. A stock solution of 2 (5 × 10-6 
M) in 99% MeOH was used for each scan. The rate of the consumption of 2 was 
monitored at 655 nm for each thiol. The acquired scans from mixing equal volumes of the 
stock solutions of 2 and thiol are shown as an average of triplicate measurements in 
Figure 3.4. The sample-handling unit was fitted with two drive syringes that are mounted 
inside a thermostatted-bath compartment, which allowed for variable-temperature 
experimentation. The optical detection cell was set up in the 10-mm path length.  
3.4.5. Determination of Singlet Oxygen Yield for Selenorhodamine  
Generation of 1O2 was assessed by its luminescence peak at 1270 nm. Time-
resolved detection of the long-lived 1O2 emission was used to distinguish signal from 
1O2 
as previously described.11 The samples (MeOH solutions of 3 or tetramethyl 
selenorosamine used as a standard in quartz cuvettes) were placed in front of the 
spectrometer entrance slit. 
3.4.6. Computational Details  
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Calculations were done with Gaussian0921 input files and results were visualized 
using GaussView05.39 All structures were optimized using B3LYP22 level of theory with 
6-31G(d)32-34 basis set for all light atoms and LanL2DZ35-37 for Te. Transition states were 
located with the QST2 key word. Energy values were obtained from the free energy from 
the frequency calculations. The HOMO and LUMO of the reduced tellurorhodamine 1 
and the oxidized tellurorhodamine telluroxide 2 were obtained from the optimized 
structures. 
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4. Simplification of the potassium ferrioxalate actinometer 
4.1. Background 
 The development of photocatalysts has been of great interest particularly in areas 
of green chemistry for organic transformations,1–5 and solar fuel production i.e. artificial 
photosynthesis.6–8  An important measurement of the efficiency of such photocatalysts is 
the quantum yield (QY), which is defined as moles of desired product per mole of photon 
absorbed.9 This measurement is vital in determining the applicability and scalability of a 
light driven process.10 Typical quantum yield values range between zero and one in which 
a quantum yield of one would indicate that every photon absorbed results in the desired 
product.  Quantum yields above one indicate subsequent dark reactions after photo-
initiation. The most common way of determining the quantum yield of a photocatalyst is 
to use a chemical actinometer, with a known quantum yield, to determine the number of 
absorbed photons, and take the ratio of absorbed photons to the product formed.11  
 The most commonly used chemical actinometer is potassium ferrioxalate.12–14 It 
utilizes the photoreduction of potassium ferrioxalate to produce an Fe2+ species. UV-Vis 
spectroscopy is used to determine the Fe2+ concentration by monitoring an Fe2+ 9,10-
phenanthroline complex.  Potassium ferrioxalate can absorb photons with wavelengths 
between 300 and 580 nm to produce iron(II) oxalate and oxalate. In a subsequent dark 
reaction the Fe3+ oxalate is oxidized by oxalate to produce Iron (III) and a dianionic 
oxalate species. The Fe3+oxalate then reduces to Fe2+ oxalate by the release of carbon 
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dioxide. The reaction follows a 2:2:1 stoichiometry, as seen in Scheme 4.1, of iron (II) 
oxalate, carbon dioxide, and oxalate per photon, respectively. The ligand 9,10-
phenanthroline is then used to form a visible light absorbing iron (II) complex to 
determine the number of photons absorbed by the sample.15  
Challenges arise with this method since to determine the amount of Fe2+ produced, 
aliquots must be taken away from the light source at predetermined time points and 
stored in the dark for 1 hour to form the visible-light absorbing phenanthroline complex.  
Therefore, the rates of photons per second calculated from such measurements are often 
derived from only a few data points.  Real time monitoring of the potassium ferrioxalate 
photoreduction has been reported where 13C NMR has been used to quantify the 
production of CO2 rather than Fe
2+.16 The amount of photons absorbed could be 
calculated, but only for a limited time before the CO2 concentration in solution reached 
saturation.  
 Herein we describe a simplified version to monitor the photoreduction of 
potassium ferrioxalate in real time.  The method developed focuses on determining the 
Scheme 4.1. Photoreduction of potassium ferrioxalate.15  
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amount of carbon dioxide produced by pressure change or collection rather than 
spectroscopic methods. An adapted version of the pressure change method was developed 
by collecting the CO2 to measure a change of volume instead. The monitoring of CO2 
rather than Fe2+ was advantageous as multiple measurements could be obtained in real 
time from only one sample rather than multiple. Also, a Fe2+ calibration curve is typically 
required for the traditional method and is not for this method.  Here we compare the 
results of these methods with the traditional method. 
4.2. Results and Discussion 
4.2.1. Traditional spectroscopic method of Fe(II) detection 
 Typically the measurement of Fe2+ produced by photoreduction utilizes the 
absorbance of an iron (II) phenanthroline sturcture (ferroin). To quantify Fe2+ production 
11 standard calibration solutions containing ferroin are prepared. Once prepared, the 
solutions must be placed in the dark for 1 hour before measuring the visible absorbance at 
511 nm. The resulting absorbances from 350 to 600 nm, as seen in Figure 4.1, show λmax 
at 511 nm.  The slope of the concentration vs the absorbance max at 511 nm can then be 
used to calculate the molar absorptivity of ferroin. An error in concentration in one 
calibration solution can decrease the correlation coefficient of the trend line enough to 
where the entire calibration curve needs to be repeated. 
 Using the calculated molar absorptivity of ferroin the total Fe(II) produced from 
the photolysis of potassium ferrioxalate can be calculated.  Photoreduction of potassium 
ferrioxalate was performed in triplicate using this method. Solutions of potassium 
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ferrioxalate were prepared in the dark, to avoid incident light, and then irradiated with 
blue LEDs.  The aliquots from the solutions were then removed at designated time points 
(20, 40, 60 minutes). The alliquotes were diluted and phenanthroline was added to 
produce ferroin.  After an hour in the dark, the absorbance spectrum of each sample was 
taken and the amount of Fe(II) was determined by Equation 4.1.     







WhereV1 is the volume of the sample solution that was irradiated (10 mL), V2 is the 
volume of sample taken for analysis (0.1 mL), V3 is the final volume that V2 is diluted 
(100 mL), log10(I0/I) is the measured absorbance of ferroin at 511 nm, l is the path length 
of the spectrophotometer cell (1 cm), and ε is molar extinction coefficient determined 





Figure 4.1. The total Fe(II) produced over time as determined spectroscopically.  
 
 The total photons absorbed can then be calculated using the Fe(II) produced and 
the known quantum yield of the photoreduction at the wavelength irradiated.  While, the 
LEDs used are polychromatic light, the spectrum is narrow enough to treat it as 
Table 4.1. Selected quantum yields of the photoreduction of potassium 
ferrioxalate at various wavelengths.15  
Wavelength (nm) (K3Fe(C2O4)3 )M φ 
579 0.15 0.013 
546 0.15 0.15 
480 0.15 0.94 
436 0.15 1.01 
366 0.006 1.21 
253 0.006 1.25 
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monochromatic.  Furthermore, the quantum yield of potassium ferrioxalate varies only 
slightly for wavelengths under 480 nm. The amount of photons absorbed was calculated 
using equation 4.2 with a quantum yield of 0.94 for light at 480 nm.   
   
Equation 4.2. Calculation of photons absorbed  




 The lengthy process results in a total of one data point per solution work-up.  The 
process was repeated in triplicate using aliquots from three different irradiated samples.  
The average total amount of Fe(II) produced is shown with error bars representing one 
standard deviation from the mean as seen in Figure 4.1. Care was taken to avoid incident 
light through the multiple steps, however, this is especially challenging when placing the 
cuvette in the UV-Vis spectrometer.  Time points were not taken after an hour because 
visible precipitation of Fe(II) occurred which would result in erroneous low 
measurements of Fe(II) produced. Overall, this spectroscopic method of chemical 
actinometry results in hours of work with several possible points to introduce error.  
 
4.2.2. Calculation of photons absorbed by pressure increase 
Reviewing the photoreduction of potassium ferrioxalate; it can be seen that the 
reaction produces 2 moles of CO2 and 1 mole of an oxalate dianion for every photon 
absorbed.  The production of CO2 has been previously measured in lieu of Fe
2+ by 13C 
NMR, however, the reaction progress could only be monitored until the CO2 saturated the 
solution and was no longer dissolved. Measuring CO2, rather than Fe
2+, has distinct 
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advantages, including real-time measurements not requiring the formation of the 
phenanthroline complex. We show that the CO2 produced may be measured by a change 
in pressure after saturation of the solution. The amount of CO2 produced can then be 
calculated using the ideal gas law in combination with Henry’s law to account for the 
dissolved CO2 as shown in Equation 4.3. However, utilizing the slope of pressure change 
over time to determine the rate of photons absorbed is based on hundreds of data points 
rather than triplicate and relies less on the theoretical value of Henry’s Law.  








 Where n is the number of moles of CO2 produced at a given time point, R is the 
ideal gas law constant (0.08206 L atm mol-1 K-1), T is the temperature in Kelvin (295 ◦K) 
which was held constant through out the experiment, P is the pressure at a given time 
point V1 is the total volume (0.040 L) of the headspace of the reaction vessel which was 
held constant throughout the experiment,  KH is Henry’s Law Constant for CO2 (29.41 
atm mol-1), and V2 is the volume of the solution irradiated (0.01 L) which is constant 
throughout the experiment.  
To compare the results of CO2 produced directly to the spectroscopically measured 
Fe2+ production, the conditions were kept identical using the same light source, reaction 
vessel, and solution volume. However, to determine the change in pressure over time, the 
solutions were sealed with caps equipped with pressure sensors and the pressure was 







Figure 4.2. Change in pressure over time from irradiation of potassium ferrioxalate (0.15 
M, 10 mL) with blue LEDs for first 90 minutes.  
  
Upon initial irradiation, the pressure does not increase due to the high solubility of 
CO2. CO2 has a high solubility in water and an equilibrium with carbonic acid formed.  
For comparison, the Henry’s law constant of CO2 is 29.41 atm mol
-1 as compared to N2 
which has a constant of 1639 atm mol-1.  The initial rate of CO2 in solution cannot be 
calculated because Henry’s law can only be used to determine the maximum amount of 
gas that can be dissolved.  Therefore, during the initial time period, where there is no 
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pressure change, the produced CO2 remains largely dissolved in solution. Around 20 
minutes, the pressure increase is a result of the CO2 saturation which appears non-linear, 
however, after 30 minutes a linear rate of CO2 was observed.  The linear or pseudo-zeroth 
order rate of CO2 is expected as the reaction is only limited by the amount of photons 
absorbed. Furthermore, as compared to the traditional spectroscopic method of Fe(II) 
production, a linear increase in CO2 was also observed.  
 
Figure 4.3. Change in pressure over time from the photoreduction of potassium 
ferrioxalate (0.15 M, 10 mL) with blue LED irradiation over the course of 7 hours.  
The reaction time was extended from 1 hour to 7 hours, in the resulting pressure 
increase with irradiation is shown in Figure 4.3.  This resulted in a longer dynamic range 
of linear CO2 production which can be used for calculating the amount of photons 
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absorbed using the rate of CO2 production.  However, after around 150 minutes of 
irradiation there is a significant decrease in the production of CO2 as observed as a slower 
increase in pressure. This region is attributed to the consumption of potassium 
ferrioxalate which results in a slower rate of photoreduction where the absorption of light 
is no longer limiting the reaction.  Measurements of CO2 produced from these time 
portions would result in erroneously low calculations of photons absorbed.  The linear 
region of pressure increase, however, can be used to calculate the rate of photons 
absorbed. The determination of the amount of photons absorbed at a given time point 
may be calculated using equation 4.4.  
Equation 4.4. Calculation of number of photons absorbed by CO2 production 




Where, nphotons is the number of photons absorbed in moles, ϕλ is the quantum yield of 
the reaction at the specific wavelength, in this case 0.94, and moles of CO2 is determined 
using Equation 4.3 at a specific time point.  
The rate of photons absorbed may be calculated in a similar fashion, to determine the 
amount of photons absorbed per second.  Utilizing the rate of CO2 produced overtime is 
advantageous because the slope of CO2 production over time is calculated based on 
hundreds of data points rather than picking a singular time point.  However, it is 
important to note that the rate of CO2 production should only be calculated within the 
dynamic range of CO2 production, which in this case was found to be between 30 and 
150 minutes.  The rate of photons per second may then be calculated using Equation 4.5.  
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 To calculate the moles of CO2 produced over time in a closed system it is 
important to incorporate Henry’s law at each time point.  As the pressure increases the 
amount of CO2 that is dissolved in solution also increases.  However, utilizing a change in 
volume instead can keep the pressure constant and the CO2 may be calculated using 
Equation 4.3.  
4.2.3. Calculation of photons absorbed by CO2 capture 
To avoid the need for pressure sensors an alternative method was developed in 
which the CO2 was captured using standard laboratory equipment. As shown in Figure 
4.4, a rubber tube was used to connect the reaction vessel to a submerged graduated 
cylinder filled with water.  Upon the production of CO2, the water can be displaced and 




Figure 4.4. Depiction of CO2 capture method by water displacement.  
 Using the change in volume, to follow the photoreduction of potassium 
ferrioxalate, the equation to calculate the amount CO2 produced the same as Equation 4.3, 
except the pressure is considered constant while volume (V1) changes instead. Therefore, 
the addition of Henry’s law constant, to determine the amount of CO2 dissolved, stays 
constant because the pressure is assumed constant.  
 The change in volume over time showed similar trends to monitoring the change 
in pressure over time.  The initial period up to 20 minutes was not used because of the 
dissolution of CO2 in solution. However, the measured amount of CO2 at 40 and 60 
minutes was in good agreement with the prior two methods.  The results from each three 





Figure 4.5. Calculated amount of photons absorbed by the three methods.  
 
4.3.  Conclusions 
Chemical actinometry is a necessary photochemical measurement to determine the 
quantum yield of a light driven reaction.  The photoreduction of potassium ferrioxalate is 
one of the most common chemical actinometers used.  The amount of solution 
preparation, transfers, and waiting periods make this method tedious and leave little room 
for error.  For these reasons, quantum yield measurements typically have an assumed 
10% margin of error. We have shown two alternative approaches to this method which 
rely on measuring the amount of CO2 produced by physical methods rather than the 
amount of Fe(II) which is typically measured spectroscopically.  Measuring CO2 comes 
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with its own advantages and disadvantages compared to the traditional spectroscopic 
method.  
In both CO2 measurements, by volume or by pressure, at early time periods (prior to 
30 minutes of irradiation) it was difficult to calculate the amount of CO2 produced.  This 
is a result of the high solubility of CO2 in water. Further research may focus on 
electrolytes or other compounds to lower the solubility of the CO2 to avoid such 
shortcomings. However, it should be considered that the effect of additional chemical 
species in solution may alter the quantum yield of the reaction.   
The advantage of measuring CO2 at later time periods, between 30 and 150 minutes, 
is the decreased chance for incident light exposure.  The samples are not moved during 
the course of the measurement and the measurement is collected in real-time.  
Furthermore, the vast number of data points that can be collected from a single sample is 
far superior to the Fe(II) detection method which yields only one data point per sample. 
There is no dissolution or waiting periods in the dark which is also beneficial for 
adopting this methodology for widespread implementation.  
4.4.  Materials and Methods 
4.4.1.  Synthesis of potassium ferrioxalate 
Potassium ferrioxalate, K3Fe(C2O4)3●3H2O, was prepared by mixing aqueous 
solutions of K2C2O4 (1.5 M, 300 mL) with K3Fe(C2O4)3●3H2O (1.5 M, 100 mL). Upon 
mixing the two solutions an immediate change from colorless to green occurred with 
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green crystals precipitating.  The solution was left for 10 minutes without stirring and 
then vacuum filtered and dried at 60 ⁰C overnight.  
4.4.2. Traditional method determining Fe(II) concentration 
All solution preparation took place in a novel light free set up with the exception of 
a red LED light for safety (Figure 4.6). The samples were prepared by adding ~0.75 g of 
K3Fe(C2O4)3●3H2O, to 1 mL of 1.0 M H2SO4, and 9 mL of DI H2O to produce a 0.15 M 
solution in triplicate samples. The solutions were then transferred in covered containers to 
the light source and were irradiated with blue LEDs while stirring at 500 rpm.  At times 
20, 40, and 60 minutes a 0.1 mL aliquot was taken from each sample and added to a 100 
mL volumetric flask.  The aliquot was then diluted using 5 mL of an aqueous 1,10-
phenantthroline solution (0.1% by weight), 1 mL of a sodium acetate buffer, and diluted 
with DI water. The solutions were shaken and allowed to sit in the dark for one hour 




Figure 4.6. Picture of dark room set up for solution preparation.  
4.4.3. Determination of carbon dioxide by pressure change 
Potassium ferrioxalate solutions (0.15 M, 10 mL) were prepared identically to the 
traditional method and transported to LEDs in a covered container.  The solutions were 
capped using pressure sensors and the pressure was measured every 30 seconds for 7 
hours total.   
4.4.4. Determination of carbon dioxide by volume change method 
Solutions of potassium ferrioxalate (0.15 M, 10 mL) were put in the same reaction 
vessel as for the pressure change and traditional method but capped with a septum. The 
septum was pierced with a syringe connected to a hose fed to an inverted submerged 
graduated cylinder (Figure 4.4).  Before irradiation, a syringe full of air was injected 
through the septum to evacuate any water in the hose.  The solution was then irradiated 
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with blue LEDs for 90 minutes and the change in volume in the graduated cylinder was 
recorded every ten minutes. 
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5. Predictive Modeling of Heavy Atom Effects in Halogenated Fluorescein 
Derivatives 
5.1. Background 
The development of chromophores with significant rates of ISC to produce excited 
triplet-states (high φt) is important for the development of photocatalysts, LEDs, and 1O2 
sensitizers.1–3 Designing chromophores with high φt is often difficult as minor structural 
modification of existing chromophores can result in significant changes to the φt. As 
such, the φt of a chromophore is often explained post synthesis and characterization.4–6  
Determining the structural properties that result in high φt is key to developing predictive 
models for the rational design of triplet photosensitizers.  Such predictive power can 
alleviate synthetic labor required to synthesize and characterize chromophore derivatives 
and novel compounds.  
One technique to increase the φt of a chromophore is the addition of heavy atoms.  
The heavy atom effect is used to describe the increased spin orbit coupling observed in 
compounds containing atoms with high atomic number (Z).  The increased Z results in an 
increased nuclear charge and therefore magnetic moment.  Electrons within the viscinity 
of the heavy atom can be influenced through spin coupled interactions with the orbital 
from this magnetic moment, thus increasing the rate of ISC.1 Traditionally, the strength 
of the spin orbit coupling interaction has only been predicted from a monoatomic point of 
view. Recently, it has been shown in selenium containing chromophores that the 
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computationally determined contribution of the heavy atom (selenium) to the LUMO 
resulted in an increased φΔ which was used as a lower bound approximation for the φt.6 
Four different chromophores with selenium in different positions were synthesized, 
characterized and computationally modeled (Figure 5.1).  It was found that the position 
of the selenium atom was directly related to its LUMO contribution and to the φΔ.   
 
Figure 5.1. Heavy atom contribution to the LUMO and triplet yield from selenium 
containing chromophores.6 
 Herein we use a similar approach to model the heavy atom contributions from 
various halogenated fluorescein derivatives with known φΔ. Chromophores containing 
the heavy atoms bromine and iodine were used.  It was found that the φΔ and heavy atom 
contribution to the triplet-state LUMO was dependent on the identity and position of the 
heavy atoms. From this, a predictive model was developed. To test the predictive power 
of the model, two fluorescein derivatives with unreported singlet oxygen yields were 
synthesized and their experimental φΔ and predicted φΔ were compared.  
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5.2. Results and Discussion 
5.2.1. Computational modeling of halogenated fluorescein derivatives 
 Halogenation of fluorescein dyes characteristically show a red-shifted absorbance as 
compared to fluorescein. Iodination or bromination of fluorescein typically results in 
higher singlet oxygen quantum yields and decreased fluorescence quantum yields as 
compared to chlorinated or unhalogenated fluorescein.7 The increased rates of ISC result 
in a higher triplet yield which in turn can be approximated by the singlet oxygen yield of 
the dyes. However, it has been previously shown that the position is of great importance 
to how much the singlet oxygen quantum yield is increased from the parent compound. 
The present study aimed to determine if the contribution of the heavy atoms to the 
frontier orbitals could be quantified and used as a predictive model to calculate the singlet 
oxygen quantum yield of other derivatives. Computational chemistry was used to model 
seven different fluorescein derivatives containing bromine or iodine as heavy atoms in 
different positions.  
 
 




Table 5.1. Fluorescein derivatives that were computationally modeled and their reported 










Rose Bengal Cl I I 0.76 
Phloxin B Cl Br Br 0.65 
Eosin Y H Br Br 0.57 
Erthrosine H I I 0.68 
3’,4’,5’,6’-tetrabromo Br H H 0.20 
4,5-dibromo H H Br 0.42 
4,5-diiodo H H I 0.48 
 
 While a wide variety of halogenated derivatives have been reported, the seven 
that were chosen to model are of the most well studied.  Often there are large 
discrepancies in the literature for singlet oxygen quantum yields for the same compounds 
even under the same conditions. Derivatives with a wide variance in reported singlet 
oxygen quantum yields were not included because potential influence on the model from 
choosing the incorrect reported value. The seven different known compounds were 
optimized in the triplet state using Density Functional Theory (DFT) at a B3LYP level of 
theory.  A split basis set was used treating C, H, O, Cl, and Br atoms with 6-311 G(d) and 
LANL2dz for I atoms.9 Heavy atom contributions were determined using the natural 
atomic orbital method using Multiwfn. The resulting heavy atom contributions from Br 
or I were then plotted against the literature singlet oxygen yield of the respective 




Figure 5.2. Computationally determined heavy atom contribution to the triplet LUMO 
compared to the literature singlet oxygen quantum yield.  
 The resulting plot shows a progressive increase of singlet oxygen yield compared 
to the heavy atom contribution.  However, the model does not take into account the heavy 
atoms identity, Br or I. The rate of ISC is known to increase proportionally with the 
atomic number (Z) of the heavy atom.  As a rudimentary method to incorporate this 
trend, the heavy atom contribution from I or Br was multiplied by the halogen atomic 
number, 35 or 53.  The following equation was then used to determine the adjusted heavy 





Figure 5.3. Plot of the adjusted computationally determined heavy atom contribution 
compared to the literature reported singlet oxygen quantum yield. 
 
 The resulting plot shows that the increase in heavy atom contribution results in an 
increase in singlet oxygen yield. The model makes some key distinctions between the 
position and the identity of the heavy atoms. For example, 3’,4’,5’,6’-tetrabromo 
fluorescein may be expected to have a higher singlet oxygen yield than 4,5-dibromo if 




Equation 5.1. Calculation of adjusted heavy atom contribution.  
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only the number of heavy atoms were considered.  However, the contribution of the 
halogens from the top ring (4’-6’, R1) is negligible compared to the lower 4 and 5 (R3) 
positions.  The calculations show that 4,5-dibromo fluorescein has a higher adjusted 
heavy atom contribution which is seen experimentally in the higher singlet oxygen yield.  
Furthermore, when comparing 4,5-dibromo and 4,5-diiodo fluorescein, adjusting the 
contribution by multiplying by Z, 4,5-diiodo has a significantly higher heavy atom 
contribution which is observed with a significantly higher singlet oxygen yield. Fitting a 
second order polynomial to the data allows the φΔ to be predicted by the calculated 
adjusted heavy atom contribution. A second order fit was chosen to limit the calculated  
φΔ to below the maximum possible quantum yield of 1. To test the predictive power of 
the model, two fluorescein derivatives were unreported singlet oxygen yields were 
synthesized and the photophysical properties were examined.  
Fluorescein 
Derivative 
% Heavy atom 
contribution 





Rose Bengal 7.05 3.73 0.76 
Phloxin B 6.68 3.45 0.65 
Eosin Y 5.98 2.09 0.57 
Erthrosine 6.50 3.45 0.68 
3’,4’,5’,6’-tetrabromo 0.07 0.02 0.20 
4,5-dibromo 3.12 1.09 0.42 
4,5-diiodo 3.26 1.72 0.48 
Table 5.2. Computationally determined heavy atom contributions from known 
fluorescein derivatives.  
5.2.2. Synthesis of unreported fluorescein derivatives 
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The synthesis of two previously reported fluorescein derivatives was undertaken 
to test the predictive power of the computational model created.  Both dyes were 
synthesized by the solid state reaction of tetrahalogenated phthalic anhydride with 
resorcinol and catalyzed using zinc chloride (Scheme 5.2). Further halogenation was 
achieved using post synthetic methods to add bromine or iodine to the respective dyes.   





5.2.2. Photophysical properties of halogenated derivatives    
   
The synthesized dyes, octabromo fluorescein (FBr) and 3’,4’,5’,6’-tetrachlor-4,5-
diiodo fluorescein (FI), were found to have red shifted absorbance compared to 
unhalogenated fluorescein. The absorbance of FI has an absorbance max at 530 nm which 
places it between 3’,4’,5’,6’-tetrachloro fluorescein and Rose Bengal. The absorbance of 
FBr shows a similar bathochromic shift as compared to its starting material of 3’,4’,5’,6’-
tetrabromo fluorescein, Figure 5.4.  







Figure 5.4. UV-Vis absorbance of FBr8 compared to tetrabromo fluorescein for 
reference.  
Both synthesized derivatives were found to be visibly luminescent under black 
light (365 nm) irradiation. Fluorescence spectra of the compounds were compared to 
Rose Bengal as a standard which has a known fluorescence quantum yield (φf) of 0.016. 
FI displayed a similar φf to that of Rose Bengal around 0.01 despite having a lower 
anticipated φΔ.  FBr, interestingly, was an order of magnitude more luminescent with a φf 
of 0.17.  The short Stokes shift between the absorbance and emission of the compounds is 
characteristic of fluorescence rather than phosphorescence.  
The φΔ of FBr and FI were determined experimentally using the previously 
described method of oxygen consumption.  FBr was found to have a φΔ of 0.65 while FI 
was lower at 0.51 as compared to Rose Bengal as a standard (φΔ = 0.76).  The 
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experimentally determined φΔ were in good agreement with their predicted values as 
discussed below.  
 The two fluorescein derivatives were also computationally modeled in an 
identical manner to the literature derivatives.  FBr was determined to have a heavy atom 
contribution to the triplet LUMO of 7.05 % and adjusted value of 2.46. FI was found to 
have a heavy atom contribution of 3.26 % and adjusted contribution of 1.73. Based on the 
model developed from known fluorescein derivatives, it is expected that FBr should have 
a higher φΔ than FI. Using the adjusted heavy atom contributions it was calculated that 
FBr and FI are expected to have φΔ of 0.61 and 0.53, respectively. A summary of the 
experimental photophysical properties and calculated φΔ of FBr and FI is provided in 
Table 5.3.  
 
The results indicate that the predictive modeling of heavy atom contributions can 
allow for an estimate of the φΔ. The model is able to predict that the chlorinated top ring 
FI slightly increase the contribution from I atoms at the 4 and 5 positions compared to 
































Table 5.3. Summary of photophysical properties of FI and FBr 
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4,5-diiodo fluorescein. The increased heavy atom contribution results in a slightly higher 
φΔ of FI at 0.51 experimentally or 0.53 calculated while 4,5-diiodo fluorescein has a 
literature φΔ of 0.48.  Similarly, FBr differs from Eosin Y only by the brominated top ring 
compared to Eosin Y’s unhalogenated top ring. The model predicts that the φΔ should 
increase in FBr compared to Eosin Y due to the increased heavy atom contribution from 
Br.  Interestingly, this increased contribution was from the 4,5,2,7 (R2, R3) positions and 
not due to the added bromines on 3’,4’,5’,6’ (R1) positions of the top ring.  
5.3. Conclusion 
The ability to predict φΔ has significant implications in the rational design of 
photocatalysts. The ability to predict such photophysical properties would spare 
significant synthetic expenses to increase the triplet yield of a photosensitizer.  Inversely, 
such predictive power can allow for the substitution of heavy atoms at certain positions 
that do not significantly contribute to the frontier orbitals which would allow for the 
retention of high a singlet yield and potentially a high φf.  
 The simple model presented allowed for several key predictions on the placement 
of bromine and iodine on fluorescein derivatives.  For example, the model shows that 
substitution at the 3’,4’,5’,6’ positions have a low contribution which explains the low φΔ 
of tetrabromofluorescein (0.20). When tested, using two unreported derivatives, the 
model was able to predict φΔ in good agreement with those experimentally determined. 
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While the model proposed is promising using fluorescein derivatives, it is yet unproven 
in other types of triplet photosensitizers and their respective derivatives.   
 
 
Figure 5.5. General computationally determined heavy atom contributions to the LUMO 
by position.  
The key issue with using such a model is that it is an oversimplification of the 
complex relaxation pathways of a chromophore. Specifically ISC, does not solely depend 
on heavy atom effects.  Many chromophores with high φΔ exist that do not contain heavy 
atoms such as rubrene and Buckminster fullerenes. The ISC rates in these chromophores 
are believed to exist due to the low energy gap between S1 and T1.  Furthermore, using 
the φΔ to represent the φt is not always an appropriate approximation.  The excited state 
lifetime and solvent effects can result in low φΔ even with a high φt.  Furthermore, the 
methods in which φΔ is measured vary and can result in different literature values from 
the same chromophore. 
5.4. Materials and methods 
5.4.1. Computational modeling 
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All fluorescein derivatives were optimized using B3LYP level of theory with a split basis 
set treating C, H, O, Cl, and Br atoms with 6-311 G(d) and LANL2dz for I atoms. After 
optimization of the structures an energy calculation was performed using the keywords 
density=current and pop=nboread. Heavy atom contributions were determined by feeding 
the energy calculation into Multiwfn using the  natural atomic orbital method as 
previously described.6   
5.4.2. Synthesis of 3’,4’,5’,6’-tetrachloro fluorescein  
3’,4’,5’,6’-tetrachloro fluorescein was synthesized by a solid state reaction 
previously reported.10 Tetrachloro phthalic anhydride (5.091 g, 17.86 mmol) was ground 
with of resorcinol (3.862 g, 35.10 mmol) and ZnCl2 (0.680g, 5.01 mmol) as a catalyst. 
The mixture was then heated in a sandbath (140 ⁰C) under nitrogen flow for 40 minutes. 
While still warm, MeOH (5 mL/1 mmol of phthalic anhydride) was added and sonicated 
until all solid was dissolved. Water  (15 mL H2O/1 mmol phthalic anhydride) was then 
added and the precipitated product was obtained via vacuum filtration. The filtered 
product 7.455 g, 88 % yield) was then dried by oven (60 ⁰C) overnight.  
5.4.3. Synthesis of FI 
To tetrachlorofluorescein (0.514 g, 1.09 mmol) saturated NaHCO3 (27 mL) and KI (15 
mL, 0.1 M) solution were added. I2 (0.758g, 2.99 mmol) was added and refluxed for 40 
minutes then cooled to room temperature. 4 M HCL was added dropwise until a 
secession of effervescence was observed. Product was obtained via vacuum filtration and 
dried for 12 hours in a drying oven. The product was recrystallized in DCM providing of 
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FI (0.687 g, 87% yield). 1H NMR (400 MHz, DMSO-d6): 7.02 ppm (d, J = 14 Hz ), 6.73 
ppm (d, J = 14 Hz) .  
5.4.4. Synthesis of FBr 
To tetrabromofluorescein (0.652g, 1.01 mmol) was dissolved in ethanol (5 mL) in a cool 
water bath.  To this solution 9 eq. of Br2 was added and stirred for 30 minutes.  The 
solution was allowed to sit overnight and the precipitate was isolated by vacuum filtration 
then dried in an oven over night. The resulting product was pink powder (0.685 g, 73 % 
yield). 1H NMR (400 MHz, DMSO-d6): 7.51 ppm (s).  
5.4.5. General methods for determination of photophysical properties 
UV-Vis spectra were recorded using a name spectrometer and quartz cuvettes. Stock 
solutions of FBr and FI (10-5 M) were created in phosphate buffer saline (pH 7.4). The 
fluorescence quantum yields were determined using Equation 2.2 with Rose Bengal as 
the relative standard (φ
f = 0.016). The φΔ were determined by the rate of oxygen 
consumption in DMSO as previously described using Rose Bengal as a standard (φΔ= 
0.76).11  
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6. Conversion of Light to Mechanical Energy by Reversible Oxygen Consumption 
6.1. Background 
Pressure differentials have been used by humans for hundreds of years to produce 
mechanical or electrical energy.  The most common example being that of the internal 
combustion engine.  Upon ignition of hydrocarbons the production of carbon dioxide and 
water vapor produce a high pressure which is then compensated for by a change in 
volume by the raising of a piston. The utility of the system depends on the continuous 
burning of hydrocarbons for the repeated raising and lowering of a piston to perform 
pressure-volume work (PV work). While PV work has been historically depended on 
petroleum fuels, the call for emission free sources of energy may limit its future usage.  
The search for alternative energies has led to the development of a wide variety of 
systems to reduce the usage of fossil fuels. A common theme among most alternative 
energy sources is transforming solar radiation into useful forms of energy. Transforming 
solar energy to electricity can be directly achieved using photovoltaics such as silicon 
solar cells. Other approaches have focused on solar to electrical conversion through 
indirect methods. Photocatalysts have been used to store solar energy in the form of 
chemical potential in solar fuels such as hydrogen, methanol, and hydrogen peroxide.1–3 
Photothermal farms transform solar energy indirectly to mechanical energy via 
conversion of sunlight to thermal energy to produce steam and push a turbine.  Few 
strategies for the direct conversion of light to mechanical energy exist.4  The most 
108 
 
common approach of photo-mechanical conversion is found in photo-actuators which 
have utilized photothermal effects or photo-isomerization between E and Z 
conformations to produce structural or property changes.5–7  A prototype light driven 
engine has been reported which uses the photo-isomerization of an azobenzene 
compound.  Solubility differences between the E and Z conformations were used to 
produce osmotic pressure to run the engine.7  While such technologies are promising, 
they are limited to specific wavelengths to induce the desired isomerization and often 
require high energy UV-light. 
Herein, we introduce the unusual case of solar to mechanical energy conversion by 
pairing a light driven oxygen consuming reaction with its dark release of oxygen.  The 
reaction utilizes 1,4-dimethyl naphthalene (1,4-DMN) reacting with singlet oxygen (1O2 ) 
produced by a photosensitizer. The oxygen becomes trapped in the metastable form of an 
endoperoxide (1,4-DMN EP) resulting in a pressure decrease over time. In a dark 
reaction, the 1,4-DMN EP releases oxygen to regenerate the 1,4-DMN and results in a 
pressure increase (Figure 6.1). The results show promise for utilization of such a system 




6.2. Results and discussion 
6.2.1. Pressure changes from oxygen consumption and release 
The reaction of 1O2
 with naphthalene and anthracene compounds to produce their 
respective endoperoxides has been well studied for cancer therapeutic agents, organic 
oxidations, and 1O2 measurements. The rates of endoperoxide formation, dissociation, 
and degradation are heavily dependent up on the 1,4 substituents for naphthalene 
compounds or 9,10 positions in anthracene compounds.  The rate of oxidation ultimately 
relies on the stability of the endoperoxide formed and therefore inversely effects the rate 
of 1O2
 release. For example, acyloxy anthracenes are inert to 1O2, 1,4-DMN forms a 
metastable endoperoxide at 25 ⁰C  while the 1,2,3,4-tetra substituted derivative forms a 
Figure 6.1. Depiction of PV work by oxygen consumption and release using 
the reversible reaction of 1,4-DMN with 1O2.  
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stable endoperoxide that does not release 1O2
 at 25 ⁰C. Replacing methyl groups with 
ether groups for naphthalene compounds such as 1,4-dimethoxy naphthalene can 
irreversibly react with 1O2 to form a quinone via a proposed hydroperoxide intermediate.
8 
For the purposes PV work by the consumption and release of oxygen we chose 1,4-DMN 
because its metastable endoperoxide allows for the light driven oxidation and dark release 
of oxygen on a reasonable time scale and at mild temperatures.  
To monitor the oxygen consumption and release over time, a ring of LEDs was 
used to irradiate samples in sealed reaction vessels attached with pressure sensors. The 
LEDs were controlled by a digital timer to turn the lights on and off at specific time 
increments. 1O2 was produced using Rose Bengal (φΔ = 0.76) as the photosensitizer under 
green LED irradiation. A chiller was used to implement temperature control to the 
system.   
As shown in Figure 6.2, preliminary results at 25 ⁰C and atmospheric conditions 
show a pressure change of approximately 0.5 PSI over the course of 6 hours.  
Immediately upon turning the lights off a pressure increase was observed.  After 6 hours 
of darkness the pressure nearly returned back to the initial conditions. Repeating the cycle 
of light on-light off shows nearly an identical response of oxygen consumption and 
release suggesting minimal degradation to the Rose Bengal or 1,4-DMN. In theory, the 
consumption of oxygen and release may be cycled in perpetuity because the 
photosensitizer does not react while the 1,4-DMN and oxygen are regenerated making the 
system catalytic. Furthermore, it’s important to note that a Rose Bengal was selected as 
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the photosensitizer because of its high φΔ, however, a wide variety of 1O2 photosenstizers 
have been reported and a “cocktail” of photosensitizers may be used to capture the visible 
to NIR solar spectrum.  
 
Figure 6.2. Change in pressure over time with intermittent irradiation of 1,4-DMN (0.064 
M) with Rose Bengal (1 × 10-5) under atmospheric pressure at 25 ⁰C.  
 
6.2.2. Effect of temperature on oxygen consumption and release 
Typically, PV work is accomplished from the thermal expansion and contraction 
of a gas. The proposed system is unique because it can operate at constant temperature. 
Ideally, the rates of oxygen consumption could be tailored to fit the daylight hours and 
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then release oxygen to fully regenerate over the night. The temperature of the system 
effects the oxygen consumption in two ways.  Increasing the temperature results in 
destabilization of the 1,4-DMN EP which means the rate of oxygen release will be 
increased. Furthermore, the increased temperature lowers the amount of dissolved 
oxygen, further increasing the pressure.  
The change in temperature should affect the rate of oxygen release inversely to 
the consumption since the observed pressure change is a result of the competing forward 
and back reaction rates.  Lower temperatures would stabilize the 1,4-DMN EP resulting 
in a slower release of oxygen. To explore the effect of temperature, samples of 1,4-DMN 
with Rose Bengal were irradiated for 6 hours and then in the dark for 6 hours at 20 ⁰C, 25 




Figure 6.3. Oxygen consumption and release at 1,4-DMN (0.064 M) with Rose Bengal 
(1 × 10-4 M) under atmospheric pressure at 20 ⁰C, 25 ⁰C, 30 ⁰C.  
While at all temperatures the initial rate of oxygen consumption up until 60 
minutes is similar, interestingly at 30 ⁰C the decrease in pressure plateaus around 300 
minutes even under continued irradiation.  At a pressure decrease of 0.8 PSI 
approxminately 1/8 of the 1,4-DMN would be oxidized. Complete oxygen consumption 
from the headspace would result in a pressure change of approximately 3 PSI. Therefore, 
the plateau of pressure change is indicative of the competing reaction rates reaching 
equilibrium.  A similar trend is observed at 25 and 20 ⁰C but to a lesser extent. The initial 
rates of pressure decrease appear linear and the rate of oxidation is dominant, however, 
over time the rate of oxygen release becomes competitive and results in a slower rate of 
114 
 
pressure decrease. By irradiating a sample at 25 ⁰C continuously it was found that 
equilibrium was reached at a pressure decrease of 1.4 PSI as seen in Figure 6.5. 
 
Figure 6.4. Rates of 1,4-DMN EP oxygen release determined by pressure increase at 
varying temperatures.  
As might be expected, the rate of oxygen release in the dark shows an inverse 
trend.   The fastest rate of pressure increase occurs at 30 ⁰C followed by 25 ⁰C and 20 ⁰C. 
At 30 ⁰C it is evident that the of rate oxygen release slows over time resulting and 
therefore results in a nonlinear pressure increase.  The decomposition of 1,4-DMN is a 
unimolecular reaction and therefore should follow a first order rate.  This would explain 
the slower rate of pressure increase over time. When plotted as the first order rates of the 
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concentration of 1,4-DMN EP the rate of oxygen release at 20 ⁰C is 0.0011 min-1 which 
is less than half the rate at 30 ⁰C (0.0025 min-1).   
 
Figure 6.5. Continuous irradiation of Rose Bengal (1 × 10-4 M)  and 1,4-DMN (0.064 M) 
under atmospheric conditions at 25 ⁰C until pressure decrease no longer occurs.  
  
The results show a balance is needed to achieve optimization of the reversible 
pressure changes to perform PV work. At a constant temperature the rate of oxygen 
release is fixed, however, the rate of oxidation initially appears dependent on the rate of 
oxygen dissolution.  To assist the oxygen dissolution, the pressure of the vessel was 
increased by 5.3 PSI compared to atmospheric pressure and continuously irradiated for 
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20 hours. As can be seen in Figure 6.6, the increased pressure was able to push the 
equilibrium to consume more oxygen and therefore create a greater pressure decrease.  
 
Figure 6.6. Continuous irradiation of Rose Bengal (1 × 10-4 M) with 1,4-DMN (0.064 
M) at 25 ⁰C under an increased pressure of 5.3 PSI compared to atmosphere (20.2 PSI).  
  
 The rate of oxidation was also found to increase by replacing the headspace with 
pure oxygen rather than atmospheric conditions. Replacing the headspace with oxygen 
increased the rate of oxidation significantly. A rate of pressure decrease of 0.0094 
PSI/min was achieved as compared to 0.0024 PSI/min under atmospheric conditions. 
However, at 25 ⁰C the only way to compensate for such a fast rate of oxidation is to 
lengthen the time in the dark to allow oxygen release back to the starting conditions.  
6.2.3. Longevity of oxygen consumption and release 
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The proposed system is intriguing because of its catalytic nature. However, its 
true utility depends on the amount of cycles that may be performed. Inadvertent 
degradation of the 1,4-DMN over time would limit the life span of the system. To probe 
the  stability of the system a sample with an oxygen atmosphere was put through 4 cycles 
of irradiation for 90 minutes followed by 3 hours of darkness (Figure 6.7).  
 
Figure 6.7. Pressure change over time of 3 cycles of irradiation Rose Bengal (1 × 10-4 
M) with 1,4-DMN (0.064 M) for 90 minutes and 3 hours of darkness at 25 ⁰C under an 
oxygen atmosphere.  
 An apparent change in the rate of oxidation can be seen by the slowing rate of 
pressure decrease from each cycle of irradiation. Despite this, the similar rates of oxygen 
release indicate 1,4-DMN is stable. Otherwise, if nonreversible oxidation was occurring 
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then the release of oxygen would be slowed. The results suggest that instead 
photobleaching of Rose Bengal is resulting in a slower rate of oxidation.  The bleaching 
of Rose Bengal would result in less 1O2 production and therefore alter the rate of 
oxidation.  
 To further probe the source of the depleting rate of oxidation a combination UV-
Vis spectroscopy was used to follow the concentration of Rose Bengal and 1,4-DMN.  
The absorbance of Rose Bengal and 1,4-DMN was followed at 554 nm and 289 nm, 
respectively.  Following two cycles of green LED irradiation for 90 minutes and 3.5 
hours of darkness the absorbance spectrum indicated a 32 % degradation to the Rose 
Bengal by the diminishing absorbance at 554 nm.   The absorbance of 1,4-DMN was 
within 5 % of the initial absorbance suggesting the slowed rate of oxidation as previously 
shown is solely a result of photobleaching from the Rose Bengal.  
6.3. Conclusion 
The transformation of visible light energy to mechanical energy is unique.  The 
presented system utilizes irradiation to excite a triplet-photosensitizer which can be 
quenched by 3O2 to give rise to 
1O2.  The 
1O2 may then react with 1,4-DMN to produce 
its corresponding endoperoxide, 1,4-DMN EP, effectively trapping the oxygen in 
solution.  Overtime the oxidation of 1,4-DMN results in the consumption of oxygen and 
in a closed system results in a pressure decrease.  The 1,4-DMN EP is meta-stable near 
RT and can release the oxygen to return the pressure to the initial conditions while 
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regenerating the 1,4-DMN.  By cycling the irradiation on and off the system shows the 
capability of repeated cycles to preform PV-work.  
The presented system shows a number of unique advantages compared to many other 
solar energy systems.  Since the role of the triplet photosensitizer is only to produce 1O2, 
a wide variety of dyes could be used to absorb across the visible spectrum including NIR 
light.  However, from an energetic perspective this system is unique in the fact that 
efficiency increases at lower energy irradiation because each photon absorbed is used for 
ultimately the same goal of producing 1,4-DMN EP.  Furthermore, the reverse reaction 
does not require light to release oxygen and therefore such a system could be used at 
night time which is a major challenge for most solar energy technologies.  While 
photothermal, techniques have been used to transform solar energy into thermal energy, 
this system can be cycled at a constant temperature.  Future research will focus on 
transforming this system to the solid state to avoid the necessity of oxygen dissolution.  
6.4. Materials and Methods 
6.4.1. Chemicals used 
1,4-DMN of a purity > 99% was graciously donated by the 1,4-Group. All 
reactions were carried out in acetonitrile (HPLC grade) with Rose Bengal from Sigma 
Aldrich.  
6.4.2. General set up for monitoring change of pressure over time 
The change in pressure over time were monitored using sealed 50 mL reaction 
vessels with Omega gage pressure sensors to monitor the pressure every two minutes 
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using the TracerDAQ Stripchart program. Green LEDs lining a steal tube were used to 
evenly irradiate up to twelve samples held in a Radleys Carousel 12 with an electronic 
timer to turn the lights on or off at determined time increments. The solutions were stirred 
at 500 RPM and a chiller was wrapped around the LED ring to control the temperature. 
The entire apparatus was covered to avoid inadvertent irradiation and irradiation was not 
initiated until temperature equilibration occurred as indicated by a plateau in pressure 
change.  The headspace of the reaction vessel was either left as atmosphere or replaced 
with oxygen by purging with under vacuum or with pure oxygen three times and allowed 
to regain atmospheric pressure.   
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The absorbance of light by molecules and the subsequent processes that occur are of 
great importance to develop future alternative energy sources and synthetic approaches.  
The integral measurement for the feasibility and widespread adoption of such processes is 
its quantum yield. This work focuses specifically on the importance of quantum yield 
with respect to both experimental design in its determination and it as a measure of 
efficiency for different photochemical processes.  
While quantum yield is a broad term that may be used to describe a variety of photo-
induced processes, it is typically measured using spectroscopic methods.  This work has 
described simplified methods for the determination of singlet oxygen quantum yields as 
well as the photoreduction of potassium ferrioxalate.  Both of the developed methods rely 
on monitoring the change of pressure over time.  Singlet oxygen quantum yields were 
determined by the pressure decrease created by oxygen consumption though 
photochemical production of singlet oxygen that reacts with DMSO. Additionally, a new 
method for chemical actinometry using potassium ferrioxalate was developed by 
following the pressure increase over time from the production of carbon dioxide.  The 
two methods avoid the need for spectroscopic monitoring to determine reaction kinetics.  
As such, this allows for both reactions to be monitored in real-time rather than gathering 
data points from aliquots at designated time periods, using expensive spectrometers that 
may not be available in all labs. While both methods were developed using a specialized 
photo-reactor with pressure sensors, a considerable effort was made to adjust both 
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methods to use standard lab equipment for widespread implementation. This is 
specifically significant to standardize a method for the determination of quantum yields 
for precisely reported values.  
While a wide variety of experiments have been developed for quantum yield 
measurements, all require either specialized chemicals or instrumentation.  Some 
methods have proved more popular than others, however, a wide variety of 
methodologies are still reported.  This may be, at least in part, why multiple different 
quantum yields are reported for the same systems.  While such measurements have 
inherent difficulties due to the large number of photons absorbed per second and 
susceptibility of such systems to stray light, a normalized approach could help produce 
more consistent reported quantum yields.  
The simplification of these methods may prove beneficial for the comparison of 
photocatalysts.  Both methods described are comparably less labor intensive than existing 
traditional methods which can allow for faster screening of photocatalysts and 
optimization of light driven systems. Furthermore, they both benefit from the ability to 
collect rates at real time. This is important because it eliminates the need to remove the 
sample from the light source.  The prevalence of stray light can be difficult to avoid while 
moving samples in order to complete such measurements. While both methods were 
carried out using a 12-well photoreactor with pressure sensors, it was also shown that 
standard lab equipment can be used.  This results in an economic advantage which may 
allow widespread adoption of these newly developed methods. Future work may be 
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focused on expanding these methods to show their accuracy for quantum yield 
determinations across multiple light driven systems.  
Many different types of molecules have been developed for the absorption of light 
to initiate different desired processes, this work has placed a specific focus on triplet-
photosensitizers. Fluorescein derivatives and a tellurorhodamine dye were used as triplet-
photosenstizers under aerobic conditions to produce singlet oxygen.  Both types of dyes 
incorporate heavy atoms in their structures to elicit the heavy atom effect.  A focus on a 
quantitative understanding of the heavy atom effect in relation to the singlet oxygen 
quantum yield has been discussed. Fluorescein derivatives with heavy atoms (Br or I) 
were computationally modelled to determine the heavy atom’s contribution to frontier 
molecular orbitals.  The results show that fluorescein derivatives with higher 
contributions from heavy atoms to the LUMO tend to have higher singlet oxygen yields.  
This may also be a plausible explanation as to the difference in photophysical properties 
of other heavy atom containing compounds such as tellurium containing chromophores.  
The tellurorhodamine studied has a high singlet oxygen yield, however, this is diminished 
upon oxidation to produce the telluroxide.  While the telluroxide still contains a heavy 
atom (Te) it is fluorescent with a low singlet oxygen quantum yield.  Computationally 
modeling the percent contribution to the LUMO shows a large drop in contribution from 
the tellurium atom to the LUMO for the telluroxide.  These results are in agreement with 
the trend among fluorescein derivatives and their respective heavy atom contributions.  
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The ability to predict the quantum yields for population the triplet-excited-state is 
particularly significant for the development of more efficient photocatalysts.  There are 
often many competitive relaxation pathways a chromophore can undergo which makes it 
difficult to predict how structural changes will effect triplet yields. While predictive 
modeling of excited-state chromophores can be dangerous in terms of over simplifying 
complex systems, the benefits well outweigh the risks.  Having predictive models, for 
quantum yields of photocatalysts, would significantly ease synthetic labor. Often many 
derivatives of photocatalysts are developed in the search increased efficiency.  Future 
research could look to utilize computational modeling to predict these properties in 
advance and could allow for faster progress of developing useful photocatalytic systems.   
The model, in theory, could be used to either optimize the triplet yield or 
minimalize it in cases where a triplet state is not desired. While this study was limited to 
fluorescein derivatives this method may also find utilization for other classes of 
chromophores to help predict the properties of other derivatives. Future research should 
look to expand this model as experimental data on more derivatives becomes available. 
Additional factors, such as both singlet and triplet energy levels, could be included in 
future models to increase the accuracy of the predictive power for more complex systems.  
Known triplet-photosensitizers were used in photochemical systems for conversion 
of light for potential use for photocatalysis and as an alternative energy source. A 
photocatalytic system using a unique tellurium-containing triplet-photosensitizer was 
explored for photocatalysis.  While heavy atoms are often incorporated into the structure 
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of triplet-photosensitizers typically halogens are used.  Incorporation of tellurium as the 
heavy atom in rhodamine derivatives was used because of its unique reactivity. The 
tellurorhodamine used can create singlet oxygen under irradiation and also react with 
singlet oxygen at the tellurium heteroatom. The reaction of singlet oxygen with the 
tellurium heteroatom produced a telluroxide which was shown to act as an oxidant for the 
conversion of thiols to disulfides.   
This is work is of particular significance because it demonstrates the utility of the 
reaction of the tellurium heteroatom with singlet oxygen to produce a telluroxide and thus 
overcomes the limitations of the transient nature singlet oxygen as an oxidant. The 
system allows for the catalytic oxidation of thiol substrates requiring only light and 
aerobic conditions.  In future research, a similar photocatalytic process could be 
developed for other oxidations and would only require light and atmospheric air.  
Therefore, avoiding waste from stoichiometric reagents, byproducts, and high 
temperature or pressure conditions. Future research could use this system for other types 
of oxidations instead of thiols.  The development of similar tellurium containing 
photocatalysts with structural modifications may be necessary to alter the redox potential 
to expand the substrate scope of oxidation reactions.  
 Another photochemical application utilizing triplet-photosensitizers described in 
this work is the use of the reaction of singlet oxygen with 1,4-dimethyl naphthalene. 
Similar to results observed from the oxidation of DMSO by singlet oxygen; upon 
irradiation of Rose Bengel in a closed system the pressure decreased overtime due to 
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oxygen consumption.  However, unlike the oxidation of DMSO this reaction is reversible  
near room temperature. In the absence of light the oxidized 1,4-dimethyl naphthalene will 
release oxygen to regenerate the 1,4-dimethylnapthalene resulting in a corresponding 
pressure increase. This cycle was repeated multiple times and showed the potential to 
produce pressure/volume work requiring only sunlight to operate.  To our knowledge this 
is the first example of mechanical energy produced from visible light without using a 
photothermal effect.  
While the results described are all at a constant temperature, the system may be 
further optimized by increasing the temperature for faster oxygen release or decreasing 
the temperature for to enhance the endoperoxide formation. Future research should 
examine the practicality of using such a system as an alternative energy source.  Most 
likely, large areas of land would be needed similar to photothermal farms, however, such 
a facility would not be confined to only warm climates as photothermal farms require.  
Different derivatives of naphthalene could be used to optimize the rates of oxygen 
consumption and release dependent on the temperature as dictated by the climate or 
season.  In theory the entire visible spectrum could be captured using different triplet-
photosensitizers. However, more research is needed to limit photobleaching and examine 
possible side reactions among different photosensitizers. 
 While it is suggested such a system could convert light to PV work, many other 
applications exist.  Specifically, oxygen storage is of great interest for medicinal, 
recreational, and emergency use.  Theoretically the system could store 1.5 L of oxygen at 
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STP using only 10 mL of 1,4-dimethyl naphthalene. The reversibility of the system could 
provide a reusable oxygen storage container that can selectively capture oxygen requiring 
only light to operate.  
While the described work involves five unique projects, they are all intertwined by 
the common theme of photochemistry.  Photochemistry, at its core, is the transformation 
of light energy.  This work shows a wide variety of transformations. Light was used to 
initiate chemical reactions such as the oxidation of thiols to disulfides and the 
photoreduction of potassium ferrioxalate. Light was also converted to a pressure change 
by using a reversible oxygen consuming reaction. A focus was placed on triplet 
photosensitizers because of their ability to transfer energy from light to excite ground 
state oxygen to the more reactive singlet oxygen. It was shown that the influence of the 
heavy atom effect could be used quantitatively to predict the efficiency of singlet oxygen 
production.  Triplet-photosensitizers were used to produce singlet oxygen for aerobic 
oxidation processes that represent the potential of such photocatalytic systems for future 
use in sustainable synthesis practices and alternative energy. The new methods developed 
for determination of both singlet oxygen quantum yields and for actinometry 
measurements will also facilitate discoveries in this area by providing a similar method 
for making these critical measurements.   
 
 
